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CHAPTER 1
INTRODUCTION
From the discovery of cathode rays in the late 1800s to the use of nuclear fission in nuclear
reactors, man has come a long way in understanding and manipulating various forms of radiation
to his benefit. Today, the high energy spectrum of radiation is used for various applications such
as nuclear energy generation, medical diagnostic imaging, and material characterization. In con-
junction with the widespread terrestrial employment of radiation, increasing presence in space in
the form of exploration and satellite deployment has also accelerated the need for investigating
the effects of high energy radiation on electronic devices and their constituent materials. There-
fore, the performance of components that function in high energy radiation environments must be
rigorously evaluated to ensure reliable operation.
This study evaluates the impact of high energy radiation, particularly 10-keV x-rays, 662-keV
gamma rays and 4-MeV protons, on silicon and two silicon-based devices of increasing complex-
ity and varied applications. Unlike typical radiation effects studies which focus on the effects of
high energy radiation on the electrical properties of silicon devices [1, 2], this work concentrates
on the material, optical and electro-optical properties of silicon and silicon-based structures and
devices. This chapter presents a discussion on the nature of radiation in our environment, on earth
and in space, as well as elaborating on the interaction of high energy radiation with matter, fo-
cusing on ionizing and non-ionizing defects. Background information covering radiation exposure
studies performed on silicon, silicon-based photonics and photovoltaics is presented, along with
an introduction to the remainder of the thesis.
1
1.1 Terrestrial and extra-terrestrial radiation
Radiation can be broadly categorized into two types, ionizing and non-ionizing radiation. Non-
ionizing radiation consists of electromagnetic waves with sufficient energy to excite electrons to a
higher energy level but cannot ionize atoms or molecules. Examples of such radiation are visible
(400 nm - 700 nm), infrared (1 mm - 700 nm), microwave (1 mm - 10 cm), and radiowaves (>
10 cm). On the other hand, ionizing radiation comprises electromagnetic waves with wavelengths
from 200 nm (ultraviolet) to less than 10 picometers (gamma rays) and have enough energy to
knock out electrons from atoms and molecules [3].
Figure 1.1: Sources of radiation exposure in the United States. Adapted from US Nuclear
Regulatory Commission website [4].
On earth, we are constantly exposed to a small amount of ionizing radiation, approximately
620 mrem per year, from terrestrial and extraterrestrial sources. The distribution of the amount of
radiation with respect to the source is shown in Fig. 1.1. Small amounts of radioactive material are
known to naturally exist in the air, soil and water in the form of uranium and its decay products -
thorium, radium and radon. Additionally, some fraction of cosmic radiation which is not absorbed
by the atmosphere also contributes to the radiation experienced on earth. The natural sources
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together contribute to half of the annual ionizing dose exposure per year. Another 310 mrem
per year of exposure occurs from manmade sources of radiation such as those used for medical
diagnostics and nuclear therapy. Overall, a total ionizing dose exposure of 620 mrem per year is
considered to be small and causes no harm to the human body [4].
In comparison to the daily exposure to radiation, the accident at Chernobyl nuclear power plant
in 1986 released 2000 rem of ionizing radiation on the first day alone, followed by an exposure
ranging from 10-50 rem to the people involved in the clean up over the next two years. The
Chernobyl incident, along with other nuclear related mishaps such as the radioactive release at
the Fukushima Daiichi nuclear power plant in 2011, highlight the detrimental effects of ionizing
radiation and emphasize the importance of understanding its impact, both short-term and long-
term, on the human body and the planet. An insightful review of the accidents and safety of
nuclear reactors is provided by the World Nuclear Association [5]. A detailed explanation of the
units of radiation is provided in Appendix A.1.
Apart from accidental exposure to high doses of radiation, most of the radiation experienced on
earth is benign, thanks to our atmosphere and the earth’s magnetic field which deflects the harmful
galactic and solar cosmic radiation. The near earth space environment presents a major hurdle
for reliable operation of electronics with temperature fluctuations ranging from -150 to 100 °C,
zero gravity conditions, and radiation consisting of high-energy particles. In addition, secondary
neutrons emitted by materials used in the spacecraft also contribute to the radiation experienced in
space. Novikov et al. [6], Stassinopoulos et al. [7] and a report by the Federal Aviation Adminis-
tration [8] provide a good review of the dynamic nature of radiation encountered in space. Typical
values of particle flux observed in space due to cosmic rays, the earth’s radiation belts and, hot
magnetospheric plasma are shown in Table 1.1. Overall, the importance of testing materials and
electronics used in spacecrafts under high energy particle and electromagnetic radiation cannot be
more emphasized [9]. The following section presents a discussion on the various effects observed
in materials due to exposure to radiation.
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Table 1.1: Average values of particle flux experienced in space due to cosmic rays, earth’s radiation
belts, and hot magnetospheric plasma [6].
1.2 Interaction of radiation with matter
To better understand the impact of radiation on silicon as a material, we first look at the general
effects of radiation on matter. When we consider radiation and matter, a variety of possibilities
exist for interaction between types of radiation and nature - radiation ranging from charged or
uncharged, heavy or light particles, and photons of different energies can interact with materials of
different densities and binding energies. Murray succinctly summarized the effect of radiation on
matter as follows: “In most interactions, the higher the projectile energy in comparison with the
energy of binding of the structure, the greater the effect” [10].
Light particles such as electrons or beta particles, with energies in the range of 0.01 - 1 MeV,
can cause ionization in a material by exciting and ejecting bound electrons. Moreover, excitation
of tightly bound inner shell electrons can result in the emission of x-rays. Heavier charged particles
such as protons (H+ ions) and alpha particles (He++ ions), have a shorter range in the absorbing
medium compared to electrons, but possess greater momentum to cause more damage. In addition
to primary ionization due to bombarding heavy particles, electrons resulting from primary ioniza-
tion have enough energy to cause secondary ionization. Additionally, heavy charged particles also
interact with atomic nuclei, and as a consequence lose a significant amount of energy by slowing
down while changing the direction of their trajectory [10, 11]. In addition to ionization, charged
particles are also capable of causing atomic displacement resulting in defects and interstitials in a
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crystal lattice. Unlike charged particles, high energy neutrons interact with the nuclei in atoms via
absorption or scattering, and result in indirect ionization and emission of radiation [12].
The interaction between radiation consisting of photons, such as x-rays or gamma rays, and
matter can be broadly classified into the following types: photoelectric effect, Compton scattering
and pair production. In the photoelectric effect, which occurs in the case of photon energies < 200
keV, the valence electrons are excited by incident photons resulting in generation of free carriers.
The ejected photoelectron has an energy equal to the difference between the energy of the incident
photon and the electron binding energy. The free charge carriers, thus generated, may recombine
leading to photon emission, or contribute to a current flow in the presence of an electric field, as
in the case of photovoltaics. The probability of occurrence of the photoelectric effect decreases
with increasing photon energy. Compton scattering differs from the photoelectric effect in that a
photon with lower energy survives the interaction, while in the case of the photoelectric effect, the
photon is completely absorbed. Both effects result in generation of energetic electrons capable of
secondary ionization and light emission. At higher photon energies ≥ 1.02 MeV, the photon is
absorbed resulting in pair production or the formation of an electron-positron pair [10, 11]. This
effect is only seen for very high energy gamma rays, which are not explored in this work and
therefore, will not be discussed further in this thesis.
Overall, the effects of radiation on matter can be one or more of the following events: intro-
duction of impurities in the material, displacement damage, ionization, and release of energy in the
material in the form of heat [13]. A summary of radiation effects based on energy type are shown
in Table 1.2.
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Table 1.2: Radiation damage in materials [14].
This work in particular, focuses on the effects of 10-keV x-rays and 662-keV gamma rays on
silicon and silicon-based devices. From the discussion above, one can conclude that x-rays are
typically absorbed in materials via the photoelectric effect, while gamma rays have the ability to
penetrate deeper into materials with lower interaction probability, and mostly result in Compton
scattering and secondary ionization. [3, 11, 15]. The next section presents a discussion of typical
radiation effect studies performed on silicon-based electronics.
1.3 High energy radiation effects
1.3.1 Silicon and silicon-based electronics
As elaborated previously, the effects of radiation on matter can be categorized into ionizing and
non-ionizing processes. Ionizing processes result in generation of charge and its impact on the
performance of a device depends on factors such as the location in the device where the charge
buildup occurs, the amount of charge generated and the type of device. On the other hand, non-
ionizing processes such as displacement damage, introduce vacancies and interstitials in the crystal
lattice, which in turn create energy levels in the bandgap. Mid-gap energy states can act as thermal
carrier generation centers, recombination centers, and traps, which can lead to various effects
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such as reduction in minority carrier lifetime, tunneling, scattering or dopant type conversion.
A detailed discussion on displacement damage effects can be found in the work presented by
Srour et al. and Messenger [16–18]. One of the earliest records of displacement damage studies
performed on silicon and silicon-based devices was in the 1940s using high energy neutrons [19].
A review presented by Messenger [18], provides in detail information regarding displacement
damage effects in silicon and silicon devices, and correlates damage effects due to neutron radiation
to other types of high energy radiation.
Now considering the impact of radiation at the device level, charge or defect generation in
materials leads to different permanent or transient effects in electronic devices. In the case of metal-
oxide-semiconductor (MOS) transistors, a shift in threshold voltage is observed due to positive
charge build up in the gate oxide, while bipolar junction transistors (BJTs) experience a decrease
in current gain. A summary of radiation-induced effects on electronic devices is presented in a
paper by Snow et al. [1] and, a more recent review performed by Fleetwood [20] focuses on the
advances made in the understanding of total ionizing dose effects in MOS and bipolar devices from
the 1960s uptil 2013.
The impact of radiation on circuitry in space can manifest as single event effects (SEE), which
occur due to a single interaction of an ionized particle with electronics, and cumulative effects
which deteriorate the performance of devices over years of exposure. Most circuitry used in high
radiation environments utilize radiation tolerant strategies including shielding, redundancy and
radiation hardened by design techniques [9, 21].
To summarize, most of the research on radiation effects has been concerned with evaluating
the impact of radiation on semiconductor devices, focusing on device operation and electrical
characterization of materials commonly used in electronics. Little attention has been given to
studying the effect of radiation on the surface of semiconductors from a materials point of view.
This thesis adds onto the existing radiation effects knowledgebase by exploring the impact of high
energy radiation on the surface of silicon and characterizing any surface changes due to irradiation
(roughness, oxide growth) using analytical techniques, such as x-ray photoelectron spectroscopy
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and spectroscopic ellipsometry. The observations are further used to analyze the radiation induced
transmission response of a silicon-based optical structure, a ring resonator.
1.3.2 Silicon-based photonics
As mentioned earlier, exposure to high energy radiation often leads to material degradation through
the formation of defects (i.e., displacement damage) and the generation of photoelectrons (i.e., ion-
ization effects) [22, 23]. Defects are of particular concern for photonic devices as they modify the
optical properties of a material by introducing absorption bands or color centers [24–26]. Scientists
working on integrating micro-electronics and optics at the California Institute of Technology have
also investigated the impact of surface passivation and roughness, brought about by typical micro-
fabrication treatments, on the performance of surface sensitive photonic devices and highlight the
need for stable passivation techniques [27]. Such changes in surface passivation can also occur in
high radiation environments in the form of accelerated oxidation of unpassivated silicon [28].
Silicon photonic ring resonator waveguide-based structures have been the subject of maturing
research efforts for use in a wide range of applications [29]. For example, in data communications,
silicon ring resonators have been employed as optical switches and compact high speed modulators
as well as integrated spectral filters in wavelength division multiplexed network architectures [30–
32]. Silicon ring resonators have also been widely studied in biomedical applications, for example,
as label free biosensors for medical diagnostics, food quality evaluation, and environmental moni-
toring [33, 34]. For many of these applications, high quality (Q) factor ring resonators are utilized
to increase light-matter interaction, making the resonance wavelength highly sensitive to small re-
fractive index perturbations. Ring resonators have been fabricated by both traditional lithography
and etchless processes to achieve Q-factors above 105 [35]. Moreover, the demonstrated ability
to fabricate integrated silicon photonics components using 90 nm node CMOS enables a growing
implementation of silicon ring resonators into modern technological devices [36].
As we continue to seek faster interconnectivity, smaller dimensions and larger bandwidth, the
integration of optics with microelectronics is imperative. In recent years, several milestones in
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the monolithic integration of optical interconnects with microelectronics have been achieved, thus
providing solutions to large scale implementation of microphotonics [37–42]. Examples of recent
developments in the field of integrated microphotonics are shown in Fig. 1.2.
Figure 1.2: a) In 2010, Intel showcased an integrated link consisting of a fully integrated silicon
photonic transmitter and receiver chips with hybrid silicon lasers (left) and germanium
photodetectors (right), respectively [39]. b) Polymer based optical device integrated on silicon
substrate [40]. c) A compact, simple design for a wavelength demultiplexing grating coupler
demonstrated by the Ginzton laboratory at Stanford University [41]. d) Example of a ring
resonator based device implemented on a CMOS chip after the chip was diced [42].
Given the widespread utility of silicon ring resonators, it is likely that they will be incorporated
into technological devices that are exposed to harsh radiation conditions, such as those encoun-
tered by satellites or in nuclear reactors [43]. From a recent review article by Johnston, most
work performed on irradiation of optical structures has dealt with optical fibers, photoemitters,
photodetectors and optocouplers, while limited literature is found on studies with modulators or
ring resonators. One such study performed by Dumon et al., report that silicon ring resonators
exhibited no more than a 0.4 pm/krad(Si) change in their resonance wavelength when irradiated
with 1.17 and 1.33 MeV 60Co gamma radiation at a dose rate near 10 rad(Si)/min. This small
resonance shift suggests that the performance of silicon ring resonators may be highly resistant to
high energy radiation since the measured resonance wavelength changes were smaller than what
can be expected from modest fluctuations in temperature or humidity [44]. In chapter 3, the role
of surface passivation in the transmission response of silicon ring resonators is explored for struc-
tures irradiated with 662-keV 137Cs gamma rays and 10-keV x-rays at various dose rates. The ring
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resonators were exposed to a total ionizing dose of up to 6700 krad(SiO2) with 10-keV x-rays and
147 krad(SiO2) with gamma rays. The results indicated that unpassivated silicon ring resonators
that are stripped of their native oxide exhibit an immediate and significant change in their trans-
mitted intensity due to irradiation-accelerated oxidation, while silicon ring resonators passivated
with a native oxide layer do not exhibit any measurable difference in their transmission spectrum
compared to reference rings under the same environmental conditions.
1.3.3 Thin film opto-electronics: Photovoltaics
Having investigated high energy radiation effects on silicon and silicon-based photonics, we now
consider a more complex electro-optical system as an extension to this study. In space applications,
where photovoltaics are the sole means of energy generation, they are often required to perform
reliably under the harshest of environmental conditions. As presented in section 1.1, the space
environment poses several challenges to electronics such as wildly fluctuating temperatures and
bombardment with an unpredictably changing spectrum of particle and photon based radiation
[7]. The main degradation mechanism due to exposure to high energy radiation in solar cells is
reduction of minority carrier lifetimes lowering the short circuit current density, and resulting in an
overall reduction in efficiency. A larger decrease in efficiency is seen with increasing total radiation
dose [45, 46]. From as early as the 1960s, several scientists have investigated the impact of high
energy radiation, such as protons [47], electrons [48], and gamma rays [49] on crystalline silicon
(c-Si) solar cells. As of the year 2008, c-Si solar cells have dominated the commercial market
with a 90% market share and an industrial cell efficiency of 15-18% [50]. c-Si cells continue to
be an attractive choice for commercialization with well established fabrication methods and high
module efficiencies of ∼ 22%. Although other technologies based on multijunction GaAs or III-V
materials have resulted in higher efficiencies of 28%, they are more expensive to manufacture on
a large scale [51]. Since the initial fabrication of a single juntion p-i-n hydrogenated amorphous
silicon solar cell in the late 70’s, research on amorphous silicon (a-Si) solar cells has come a long
way with an increase in efficiency from 2.4% to 10%. A high absorption coefficient with a direct
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band gap of 1.8 eV allows a 500 nm film of a-Si to absorb a solar irradiance of 420 W/m2, while
a 500 nm thick c-Si layer absorbs ≤ 200 W/m2 [52]. Consequently, cells based on amorphous
silicon (0.5 µm) can be made 100 times thinner than crystalline silicon cells and thus, provide a
more light weight and economical cell design [53]. Additionally, the ability to fabricate these cells
on flexible substrates with low temperature processes offers another advantage over conventional
c-Si based cells [54, 55].
Amorphous silicon cells are particularly suited for space applications due to higher radiation
tolerance compared to GaAs or c-Si and most of the generated defects due to irradiation can be
annealed out at the typical operating temperature in space (100 °C) [56], with long term annealing
observed at room temperature [57]. Irradiation tests involving 3-MeV electrons and 20-MeV pro-
tons also suggest that a-Si cells perform better than their c-Si counterparts, with a degradation in
output power of 4-8% compared to c-Si cells which experienced a degradation of 30%-40% [58].
Another study performed by Kuendig et al., tested micromorph cells, which are microcrystalline
and amorphous silicon cells stacked together, irradiated with a proton fluence of 1.5x1013 cm−2.
They successfully demonstrated the annealing behavior of these cells, as shown in Fig. 1.3, cap-
tured over 5 h at 100 °C [59]. Even though a-Si cells have lower efficiencies of ∼ 10%, the ability
to integrate them with thin flexible substrates results in high power density (power to mass ratio in
Watts/gram) devices. As per Wyrsch et al., efficiencies of 9.5% with a power density of 3.2 W/g
have been achieved by fabricating a-Si cells on LARC-CP1, which is a fluorinated polyimide film
developed by NASA specifically for space applications [56].
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Figure 1.3: Normalized efficiency values measured pre and post proton irradiation, and annealing,
of p-i-n micromorph solar cells on glass substrates [59].
Although a-Si solar cells seem appealing from a low cost of fabrication perspective, their ef-
ficiencies have stalled at ∼ 9-10%. Over the past few years, special techniques to implement
light confinement and absorption enhancement have been suggested by several researchers. For
example, a back reflector consisting of a periodic pattern is often explored as an efficient means
of scattering unabsorbed light back into a thin-film structure, consequently increasing the optical
path length. It has been shown theoretically that back reflectors with periodic structures outperform
randomly textured surfaces in most cases, especially at longer wavelengths [60, 61]. Scientists at
California Institute of Technology implemented a patterned back reflector via nanoimprint lithog-
raphy on silver, which also served as the back contact, and demonstrated an efficiency enhancement
of 1.7% in an n-i-p cell with an active layer thickness of 500 nm [62]. Moulin et al. addressed low
absorption in the red and near infrared regions of the spectrum by exploring different configura-
tions of back reflectors consisting of ZnO, SiO2 and Ag [63].
Hybrid dielectric-metallic back reflectors in the form of distributed Bragg reflectors (DBRs)
[65], periodic anti-ring reflectors [66], blazed gratings [67], and photonic crystal based back re-
flectors [68], are some of the examples of implementation of back scattering designs in a-Si cells.
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An extensive review of light trapping schemes employed in thin film solar cells is presented by
Mu¨ller et al. [64]. Random textures in ZnO or SnO2:F, as shown in Fig. 1.4, are also used to
scatter light, resulting in 10% efficient micromorph cells.
Figure 1.4: SEM images of typical back reflector structures using textured SnO2:F and textured
ZnO [64].
Even though the aforementioned techniques have boosted the absorption and efficiency of a-Si
cells, they often add to the cost of fabrication and are not economical to implement on a large scale.
Therefore, finding ways to improve efficiency using inexpensive methods is the key to the future
development of a-Si solar cell technology.
In this work, we suggest one such method to improve light absorption by introducing a porous
a-Si layer as a substrate for the a-Si n-i-p cell. Studies performed in the past have integrated
similar porous systems, such as porous silicon, with c-Si solar cells [69–71]. In our case, we
demonstrate the use of the porous a-Si layer as a medium to imprint and transfer complicated
back reflector patterns and use it as a platform to fabricate a-Si n-i-p devices. Similar work on
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imprinting porous Si has been performed by Ryckman et al. [72], suggesting that imprinting porous
substrates is an efficient and inexpensive method to transfer patterns. In addition to providing
scattering with a microscopic rough surface, the porous a-Si layer also incorporates wavelength
specific macroscopic designs of gratings or photonic structures, therefore acting as an efficient
back reflector and providing a rough textured surface for random scattering. Additionally, the
porous a-Si layer is very versatile and can be implemented on various substrates (eg. polymer or
glass), similar to those on which a-Si cells are currently being fabricated. We also report on the
radiation tolerance of the aforementioned cell by performing irradiation with 4-MeV protons and
suggest possible use of the structure in high radiation environments.
1.4 Summary and outline of thesis
As new materials enter the mainstream of technology, either in the form of advanced electronic de-
vices, high-k dielectrics, integrated optical devices or photovoltaics, there is a need to evaluate their
performance under various ambient conditions. Increasing interaction of man-made devices with
high radiation environments on earth and in space highlights the importance of radiation testing
on devices for widespread applicability. In the past, extensive studies have been implemented on
ionization and displacement damage effects on electronic devices; however, limited research has
been conducted to explore the impact of radiation on semiconductor surfaces. In this thesis, we
address this gap in knowledge by evaluating the influence of high energy radiation, particularly 10-
keV x-rays and 662-keV gamma rays, on the silicon surface. The observed surface phenomenon
is characterized using analysis techniques (x-ray photoelectron spectroscopy, spectroscopic ellip-
sometry and atomic force microscopy) and a mechanism based on photon-assisted oxidation is
suggested in chapter 2. An empirically derived thin oxide growth model is also presented, corre-
lating oxide growth rate to the incident radiation dose rate. Chapter 3 extends the radiation study
to a simple photonic component, a silicon ring resonator. The performance of the resonator is eval-
uated with respect to the incident total ionizing dose and the observations from Chapter 1 are used
to describe the role of surface passivation in the obtained transmission response. Chapter 4 deals
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with a more complex electro-optical device, an amorphous silicon n-i-p solar cell. The absorption
in the cell is enhanced by including a porous amorphous silicon-based back reflector, which is
fabricated using an inexpensive DIPS (direct imprinting of porous substrates) technique. Finally,
the performance of the fabricated photovoltaic device is evaluated upon exposure to 4-MeV proton
irradiation.
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CHAPTER 2
INFLUENCE OF HIGH ENERGY RADIATION ON SILICON
2.1 Motivation
Silicon is the most abundantly used material in technology today. The emergence of the space
program and efforts to harness nuclear energy motivated the studies of high energy radiation effects
on electronics [6, 15]. These studies continue to be an integral part of technology development as
we continue to explore new materials and forms of materials, such as nanotubes, porous materials,
and graphene [73].
Little fundamental work has been done to explore the impact on material properties of high
energy radiation incident on the silicon surface. This work fills that gap by studying the impact
of high energy radiation, particularly 10-keV x-rays and 662-keV gamma rays, on silicon from
a materials perspective and also explores potential consequences in emerging application areas
beyond traditional microelectronics circuitry.
2.2 Experimental methods
All samples in this study are p-type (boron doped)
〈
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〉
silicon with a resistivity of 0.01-0.02
Ω-cm, unless specified otherwise. Samples were cleaved into 1-cm x 1-cm squares and cleaned
for 1 min in 20% dilute hydrofluoric acid to remove native oxide followed by an ethanol rinse.
Spectroscopic ellipsometry was used to measure the initial native oxide on the samples, which
forms immediately upon exposure to air after the cleaning procedure. Irradiation experiments
were performed within approximately 30 min of the ellipsometry measurements. Each irradiation
run comprised of two samples, an irradiated sample and a control sample. The control sample
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was not irradiated but placed in similar ambient conditions as the irradiated sample for the same
duration of time, in order to assess the influence of the ambience on oxidation of silicon.
The x-ray source was an ARACOR Model 4100 with a 3-cm diameter beam. The sample
was placed in air on a stage 4-cm away from the x-ray beam outlet. Dose rates ranging from 5.8
krad(SiO2)/min to 67 krad(SiO2)/min were tested, with a total exposure time of 180 min at each
dose rate. During the irradiation, the sample temperature increased by 3-4 °C as observed via
a thermistor. This increase in temperature is not significant enough to impact oxidation. Conse-
quently, all irradiation experiments are considered to be performed under standard temperature and
pressure conditions. Across the different irradiation runs, the ambient temperature and humidity
was found to vary on a day-to-day basis from 68-77 °F and 42-71%, respectively. The oxidation
growth observed on the irradiated samples was consistently greater than the corresponding non-
irradiated reference samples, indicating that the variation in ambient conditions had little influence
on the oxide growth rate compared to the radiation.
Gamma irradiation was performed, as a comparison to x-rays, using a 662-keV 137Cs source.
The dose rate was kept constant at 4.7 rad(SiO2)/min by maintaining a constant distance of 24 cm
between the source and the sample, and the total ionizing dose was varied by exposing the samples
to different lengths of time.
X-ray photoelectron spectroscopy (XPS) measurements were performed to study the
influence of irradiation on the surface chemistry and the Si/SiO2 transition layer. A
180° spherical capacitor energy analyzer-based instrument (Physical Electronics VersaProbe
5000) was used for all XPS analyses. Analyses were acquired using a monochromatic
100 µm diameter 25 W Al Kα x-ray beam rastered over a 250 µm × 500 µm area. The ana-
lyzer was operated in the constant pass energy mode. A take-off angle of 65° off sample-normal
was used. Survey and high-resolution spectra were recorded at pass energies of 187.8 eV and 23.5
eV, respectively. The spectrometer was calibrated to the Au4f7/2, Ag3d5/2 and Cu2p3/2 peaks at
84.05, 368.28, and 932.65 eV, respectively. No additional oxide growth was possible during the
XPS measurements, which are performed under vacuum conditions.
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Oxide thickness was estimated ex-situ using spectroscopic ellipsometry (J. A. Woolam M-
2000) (SE) and XPS. For SE, the initial oxide thickness of each sample was measured within 30
min of the HF cleaning step. Ellipsometrically estimated initial oxide thicknesses ranged from 6-13
A˚, likely due to sample-to-sample variation and differences in ambient conditions during sample
preparation. The bulk silicon dioxide refractive index model was employed in all SE measurements
for consistency and simplicity. As discussed in section 2.4, SE estimates of oxide thickness were
found to differ from XPS thickness estimates by a nearly constant offset. Hence, even though
they do not directly provide a highly accurate measurement of ultra-thin oxide thickness, the SE
measurements provide a useful and practical method to track and parameterize changes in oxide
thickness for the x-ray irradiated samples.
The impact of irradiation on sample roughness was determined by AFM (Digital Instruments
Nanoscan III) in the tapping mode. 256× 256 pixel images were obtained at a scan rate of 0.5
Hz. Scan sizes of 5× 5 µm2 and 0.5× 0.5 µm2 were measured on each sample. No significant
variation in rms roughness was observed between the two scan sizes among samples with similar
treatment. The roughness of irradiated samples was compared with that of native oxide passivated
silicon samples and those without native oxide immediately after an HF rinse.
For comparison, additional samples were exposed to a UV irradiation source, for which we
used a 30 W Deuterium lamp with an Oriel interface kit (model 60093). The lamp was warmed up
for 30 min to obtain a stable output prior to placing the sample directly in the beam. The sample
was placed 0.21 m away from the UV source.
A 2B Technologies UV-106L ozone analyzer with a sensitivity of 0.1 ppb was used to measure
the concentration of ozone generated by the x-ray and UV sources. Measurements were taken
by placing the air inlet of the analyzer in the beam path of the respective irradiation source. A
warm up time of 30 min was allowed before measurements for stabilization. The length of the
teflon tubing between the air inlet and the analyzer was approximately 2.3 m; the amount of ozone
dissociation in the tubing was estimated, by varying the length of the tube, to be 34 ppb/m before
the gas reached the absorption cell in the analyzer. The reported measurements do not account for
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this dissociation and should be viewed as a lower bound on the ozone concentration.
2.3 Results and Discussion
2.3.1 XPS compositional analysis of irradiation induced oxide
Fig. 2.1(a) shows XPS Si 2p spectra acquired from the irradiated silicon samples. Two main peaks
are shown: the peak near 99.8 eV corresponds to the binding energy of silicon and the peak near
103.4 eV corresponds to the oxide film on the silicon surface. The increasing size of the peak
centered near 103.4 eV for samples exposed to increasing x-ray dose rates indicates that silicon
samples exposed to higher dose rates of x-ray irradiation for a fixed duration of time have thicker
oxide films grown on the surface. The control sample that was not irradiated only shows a clearly
defined silicon peak. The oxide peak of a sample irradiated at 31.5 krad(SiO2)/min for 3 hours was
analyzed to determine the presence of stoichiometric and non-stoichiometric oxide compounds.
As shown in Fig. 2.1(b), SiO2 is the dominant constituent of the oxide film, but sub-oxides,
e.g., Si2O3, SiO, and Si2O, are also likely present at the film/substrate interface. The sub-oxide
composition showed no correlation with x-ray dose rate. Sub-oxide transition layers are known to
be present between a silicon substrate and bulk silicon dioxide film for traditional oxide growth
conditions as well as native oxides, and pose a particular challenge for accurately measuring the
thickness of thin oxides [74–77].
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Figure 2.1: (a) Si 2p spectra acquired from silicon samples irradiated at dose rates of
5.8 krad(SiO2)/min, 20.5 krad(SiO2)/min and 31.5 krad(SiO2)/min for 180 min each. A spectrum
acquired from a control sample placed in the same ambient conditions without irradiation is
included as a reference.The spectra corresponding to different dose rates are offset for clarity. (b)
Si 2p spectrum acquired from a sample irradiated at 31.5 krad(SiO2)/min for 3 h suggests the
presence of sub-oxides in addition to stoichiometric SiO2 [78].
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2.3.2 Thin oxide thickness estimation and comparison between XPS and spectroscopic ellip-
sometry
XPS and SE measurements were performed to quantify the thickness of x-ray irradiation induced
oxide grown on the silicon samples. Thickness values obtained from the two different measurement
tools were compared to determine whether the less accurate but more convenient, non-destructive
SE measurements would be suitable for use in the oxide growth models discussed in the next
section.
Oxide thickness values determined using SE are based on the change in polarization of re-
flected s- and p-polarized light from a sample. The measurement is performed across a range of
wavelengths and is expressed in terms of two parameters: an amplitude ratio, Ψ, and the phase dif-
ference, ∆. The governing relation for the parameterization of the measurement is shown in Eqn.
2.1, which relates the Fresnel reflection coefficients for p- and s-polarized light, rp and rs, to Ψ
and ∆, respectively. The experimentally measured values of rp and rs are compared to theoretical
estimates based on a user defined model of the film stack. The estimates of rp and rs, as shown in
Eqn. 2.2, are a function of the refractive index and thickness of the film being measured, in the
form of parameter θ , shown in Eqn. 2.3 [79]. Here ϕ is the angle of incidence of light with respect
to the sample normal and, r21 and r10 represent the reflection coefficients between the air-oxide and
oxide-silicon interfaces, respectively. Hence, the thin film oxide thickness is estimated from the
measured film reflectance and subsequent modeling. Based on the thickness and refractive index
of the measured layer, the Ψ and ∆ values shift in a periodic manner. In the case of thin oxide
measurements (∼ 10 nm), it is known that ∆ varies much more significantly compared to Ψ.
rp/rs = tanΨei∆ (2.1)
rp,s = (r21+ r10exp(−i2θ))/(1+ r21r10exp(−i2θ)) (2.2)
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θ = (2pi/λ )dncosϕ (2.3)
Because ellipsometry measures two unique quantities, only two unknown quantities can be
uniquely determined among the following three: refractive index, n; extinction coefficient, k;
thickness, t. Therefore, only if a known material with a well-characterized refractive index is
deposited can the thickness of the film be accurately determined. Errors in thickness estimation
using ellipsometry primarily arise due to inaccurate representation of the material system in the
model, including surface roughness, or lack of knowledge of all three parameters: n, k and t. In the
case of a silicon dioxide film on a silicon substrate, an assumption of a static bulk refractive index
throughout the silicon dioxide layer in the model is valid in the case of a thick, thermally grown
oxide. However, in the case of very thin oxides, similar to the irradiated samples in this study, the
assumption is convenient but results in overestimated thickness values due to the presence of the
transition layer and unknown surface contaminants. The extent of this transition layer varies from
5-30 A˚, which can constitute a significant portion of the thin oxide layer [75]. The refractive index
of the transition layer is known to be higher than bulk silicon dioxide, but accurately determining
the refractive index is challenging since the composition depends on ambient conditions during
the oxide growth, and additionally, the thickness of the transition layer or the thin oxide layer is
difficult to measure using an independent technique [80].
XPS determines the oxide thickness based on the ratio of the Si 2p peak intensities for SiO2 to
Si. We have estimated the oxide thickness via Eqn. 2.4, where Rexp is the experimental intensity
ratio value for measured samples, while Ro is a constant representing the ratio of peak intensities of
bulk SiO2 to bulk Si. The constant LSiO2(ESi) is the attenuation length of the Si 2p photoelectrons
in SiO2 and θ is the take-off angle or the angle of the detected electrons from the surface normal
[81].
tox = LSiO2(ESi)cosθ ln(1+Rexp/Ro) (2.4)
22
The potential errors in XPS estimated thicknesses primarily arise from uncertainties in the
values of LSiO2(ESi) and Ro. The theoretical value of Ro depends on the density of SiO2, which
as mentioned earlier, is difficult to determine in the case of thin oxides due to the presence of the
transition layer. To account for this, as suggested by Seah et al., we use the theoretically determined
value equal to 3.448 nm for LSiO2(ESi) and an average of experimentally determined values for Ro,
0.76, which corresponds to Al Kα x-rays [81]. Moreover, the presence of surface contamination
consisting of carbon or moisture also contributes to measurement error.
Figure 2.2: Comparison between oxide thickness estimates obtained using XPS and ellipsometry
indicates a systematic offset of ∼ 1.0 ± 0.7 nm. The data was obtained over multiple exposures
performed at dose rates ranging from 5.8 krad(SiO2)/min to 67 krad(SiO2)/min. The dashed lines
serve as guides to the eye [78].
A comparison between oxide thickness estimates measured using XPS and ellipsometry was
performed on a series of samples in this study. These data are shown in Fig. 2.2; they indicate
a nearly linear increase in estimated oxide thickness with increasing total x-ray dose. Moreover,
there is a consistent average difference of ∼ 1.0 ± 0.7 nm between the two sets of measurements,
with the ellipsometry values being higher, as expected, due to the aforementioned reasons. Given
23
that the same trends in oxide thickness as a function of x-ray irradiation dose are shown by both
XPS and ellipsometry, and given that ellipsometry provides a quick, consistent, and non-destructive
measurement approach that is more suitable for evaluating multiple irradiation dose levels on in-
dividual samples, we present unadjusted SE estimates of oxide thickness for the remainder of this
work.
2.3.3 Surface roughness characterization of irradiation induced oxide on silicon
Figure 2.3: 0.5×0.5 µm2 AFM micrographs of a sample passivated with native oxide, a sample
post 20% dilute HF rinse, and a sample irradiated at 44.7 krad(SiO2)/min for 3 h. All samples
show similar Rq (rms roughness) values, suggesting that x-ray irradiation does not result in a
more rough silicon surface.
Atomic force microscopy (AFM) images, shown in Fig. 2.3 were acquired to investigate the mor-
phology of irradiation induced oxide compared to silicon samples with native oxide. Measurements
were performed on silicon samples passivated with native oxide, the same samples post HF rinse,
and samples that were irradiated at dose rates of 31.5 krad(SiO2)/min or 44.7 krad(SiO2)/min for
3 h each. All samples were rinsed in ethanol and dried in N2 prior to the AFM measurements.
No statistically significant difference in roughness was observed on the irradiated samples in com-
parison to samples post HF rinse or those with native oxide. The samples had an average rms
roughness of 0.4 nm with a standard deviation of 0.07 nm. We note that the size (∼ 8-10 nm) and
shape of the AFM tip could contribute to error in the rms roughness values obtained [82].
All of the irradiation experiments performed in this study were conducted under room tem-
perature (25 °C) and pressure (149 Torr of oxygen) conditions, which indicate a passive oxidation
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regime [83]. Thus, it can be inferred that the passive oxidation conditions primarily dictate the
surface roughness of the measured samples and minimal influence of 10-keV x-ray irradiation on
surface roughness is observed. Therefore, surface roughness should not play a role in the estima-
tion of irradiation-induced oxide thickness discussed in the next section.
2.3.4 Accelerated oxidation of silicon due to 10-keV x-ray irradiation
Figure 2.4: Oxide thickness as a function of time for irradiated and control (unirradiated) Si
samples. The data are joined with lines as an aid to the eye [28].
Fig. 2.4 shows the quantified SiO2 thickness from ellipsometry for nominally identical Si starting
wafers irradiated at 5.8 and 31.5 krad(SiO2)/min on two separate days. Results are also shown for
unirradiated samples that were maintained as controls, which experienced the same wait times and
ambient conditions (e.g., temperature, humidity) as the corresponding irradiated samples. The ox-
ide thickness of the starting wafers varied from 8 A˚ to 12 A˚, depending on the amount of time and
environmental conditions between the HF dip and initial oxide thickness measurement. The instru-
mental error in the repeatability of the thickness measurement was determined to be ± 0.0021 A˚,
which does not affect the analysis significantly. The effects of potential systematic errors associ-
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ated with oxide thickness estimates made via ellipsometry are mitigated by comparing the control
and irradiated samples.
In all cases the SiO2 growth rate on irradiated samples is significantly greater than that observed
on the control wafers. The comparison of the oxidation rates for the two dose rates as a function of
irradiation time is complicated in Fig. 2.4 because of the difference in initial native oxide thickness,
and because devices irradiated at higher dose rates for equivalent times of course experience higher
total ionizing doses. We now consider each of these effects in turn.
Figure 2.5: Oxide thickness as a function of irradiation time for two Si samples with different
inferred starting thickness, irradiated at 31.5 krad(SiO2)/min. Lines are included as an aid to the
eye [28].
Fig. 2.5 shows two otherwise identical Si samples with starting native oxide thicknesses that
differ by ∼ 2 A˚, which were then irradiated at a dose rate of 31.5 krad(SiO2)/min for two hours.
Both oxide thicknesses increased by ∼ 7 A˚ over the course of the two-hour irradiation sequence.
Similar results were observed for all devices evaluated in this study. Hence, in subsequent results
in this chapter, the inferred starting SiO2 thickness is simply subtracted from the results measured
as a function of irradiation and/or storage time. This quantity is represented as irradiation induced
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oxide thickness.
Fig. 2.6 shows the irradiation induced oxide thickness as a function of dose rate; the same
data are plotted as a function of total ionizing dose in Fig. 2.7. As the dose rate is increased (Fig.
2.6) from 5.8 krad(SiO2)/min to 67 krad(SiO2)/min, the initial oxide growth rate varies from 0.07
A˚/min to 0.15 A˚/min, with reduced growth rates corresponding to longer times and higher total
doses. From Fig. 2.7, the oxidation rate on a Si surface still shows significant and easily detectable
variations up to doses of at least 12 Mrad(SiO2).
Figure 2.6: Irradiation induced oxide thickness as a function of irradiation and measurement time
at dose rates from 5.8 krad(SiO2)/min to 67 krad(SiO2)/ min. The control sample (no irradiation)
is represented with a single curve obtained from average data. Lines joining the data are included
as an aid to the eye [28].
27
Figure 2.7: Oxide thickness variation with total incident dose at dose rates of 5.8 krad(SiO2)/min,
20.5 krad(SiO2)/min, 31.5 krad(SiO2)/min and 67 krad(SiO2)/min. Lines are included as a guide
to the eye [28].
At extremely high doses (well above 10 Mrad(SiO2) or after relatively long waiting times in
ambient (e.g., a few weeks), the Si surface loses its ability to discriminate dose and/or dose rate,
owing to the saturation in oxide growth that is typical of native oxides on Si at approximately 25
A˚. This value for oxide growth on silicon, under room temperature and pressure conditions, is
reasonable, although lower than previous estimates (35 - 40 A˚) made using ellipsometry [84].
Figs. 2.6 and 2.7 show that the rate of oxidation is not a simple function of either dose rate
or total ionizing dose; both the total dose and the rate at which the dose is delivered influence the
measured oxide thickness [28].
2.3.4.1 Mechanism of enhanced oxidation due to x-ray irradiation
We now discuss the origin of the increased oxidation rates in the x-ray environment. Oxidation of
silicon is primarily controlled by two factors, the availability of oxidant at the Si/SiO2 interface
(diffusion dependent) and the reaction rate of the species at the interface. For very thin oxide
films, the growth rate is dominated by the reaction rate, as there is barely any oxide on the surface
of the sample and oxidant species can easily reach the interface. The diffusion rate begins to
control the oxide growth as the oxide grows further [85]. To explain the impact of x-rays on
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the oxidation mechanism, we first consider the interaction between the x-rays and the oxidant
atom or molecule. Oxygen molecules are known to dissociate into atomic oxygen when exposed
to photons with energies greater than 5.1 eV [86]. The role of atomic oxygen in UV-assisted
oxidation of silicon has been well studied in literature [86–89] . Clearly, 10-keV x-rays also can
provide sufficient energy to convert the oxygen molecules into atomic oxygen. It is also known
that some of the atomic oxygen molecules combine with O2 molecules to form ozone. Both atomic
oxygen and ozone are highly reactive species on a Si surface. The atomic oxygen molecules
generated by the x-ray irradiation diffuse more readily through a pre-existing thin oxide film on
Si than oxygen molecules; the consequent increase in the supply of oxidant species at the Si/SiO2
interface increases the oxidation rate. At higher dose rates, a larger fraction of the oxidizing species
impinging the surface consists of reactive oxygen atoms, leading to further accelerated oxidation.
The primary self-limiting factor that results in the saturation of oxide growth is the increasing
thickness of the SiO2 layer itself. As the surface oxide layer continues to grow, the diffusion of
reactive oxygen species is increasingly hindered, thereby slowing the incorporation of oxygen into
the subsurface silicon. Thus, for longer irradiation times independent of the dose rate or total dose,
the rate of oxidation decreases.
Since the number of ozone molecules present during irradiation is directly linked to the num-
ber of atomic oxygen molecules created by the irradiation, the generation of both reactive oxy-
gen species can be confirmed by sampling the air in the x-ray beam using an ozone analyzer. A
schematic diagram of the setup is illustrated in Fig. 2.8. The sample was collocated with the
analyzer inlet tubing and irradiated at varying dose rates.
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Figure 2.8: The experimental setup used for ozone analyzer measurements. Generation of atomic
oxygen and/or ozone in the x-ray beam contributes accelerated oxidation of the silicon sample
[28].
Figure 2.9: Impact of x-ray dose rate on generated ozone concentration. The ozone level for the
ambient air (corresponding to the value at zero dose rate) was measured at 35.4 ppb. The average
ozone generated by the 30 W UV lamp is also shown as a reference [28].
Fig. 2.9 shows ozone measurements taken for each dose rate over a duration of 1 h using
1-minute averaging. For comparison, the ozone generation rate in the 30 W Deuterium lamp is
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also shown. The ozone generated in the 10-keV x-ray irradiator increased at higher dose rates,
following a linear trend with an average standard error of 0.899 ppb in the measurements. The
dependence of ozone formation on the x-ray dose rate is consistent and repeatable at any particular
time, although the actual values measured may vary based on the initial quantity of ozone present
in the ambient air before irradiation. Further testing indicated that approximately 34 ppb/m of
ozone is expected to dissociate in the tubing between the analyzer and the inlet, to form molecular
oxygen, resulting in an overall ozone loss of 78 ppb in the tube. Accounting for this loss, the values
represented in Fig. 2.9 would then scale up to 113–184 ppb.
Figure 2.10: Comparison of oxide growth under UV and 10-keV x-ray irradiation. Native oxide
grown during the same time period under ambient (no irradiation) conditions is also shown. Lines
are included in the graph as an aid to the eye [28].
Fig. 2.10 shows the measured oxide thickness as a function of irradiation time for 10-keV x-ray
irradiation at dose rates of 31.5 krad(SiO2)/min and 67 krad(SiO2)/min, and during UV irradiation,
for comparison. For the first hour, the oxidation rate of silicon under UV irradiation (0.28 A˚/min)
was significantly higher than that corresponding to x-ray irradiation performed at a dose rate of
67 krad(SiO2)/min (0.15 A˚/min). Given that the high dose rate x-rays generated more ozone than
the UV irradiation (Fig. 2.9) due to the higher energy of the x-ray photons , we conclude that the
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oxidation rate not only depends on the energy of the incident radiation, but also on the efficiency
with which the radiation is absorbed which leads to generation of electron-hole pairs near the Si
surface.
A key difference between UV and x-ray exposures is the penetration depth of the radiation in
Si. Most of the UV irradiation is absorbed within the first ∼ 0.2 µm of the silicon surface and
contributes significantly to the surface reaction by the generation of electrons [90, 91]. These mo-
bile electrons result in an electric field near the interface, which can further enhance the oxidation
rate [88]. Since x-rays have a greater penetration depth, on the order of a few hundred microns
in silicon, it is likely that relatively fewer free carriers are generated in the uppermost layers of
the material during x-ray irradiation in comparison to UV exposure, resulting in a weaker electric
field. Thus, lower rates of oxidation are expected due to x-rays than UV irradiation [28].
In addition to generating an electric field, free electrons also react with the diffusing atomic
oxygen to form reactive ion species that are capable of faster transport through the existing oxide
layer. In the case of UV irradiation, a larger fraction of the diffusing oxidant species is ionic, and
these ionic species are accelerated by the electric field towards the Si/SiO2 interface, thus resulting
in a higher oxidation rate compared to the x-ray irradiation. At long irradiation times, the x-ray
induced oxidation rate is higher than that due to UV irradiation because the oxidation rates, inde-
pendent of irradiation source, are a function of the thickness of the grown oxide [92]. As the oxide
becomes thicker, the oxidation mechanism becomes limited by the diffusion rate of the oxidant
through the oxide to the Si/SiO2 interface. Moreover, the temperature of the substrate will play
a role in determining the oxidation rate [93], as will be discussed in section 2.7. Accordingly, in
high temperature environments, thermal oxidation will coexist with irradiation-induced oxidation.
In support of a strong role for reactive oxygen species, like O and O−, in the surface reactions
on Si considered here, it is interesting to note that similar reactions with unpassivated graphene
layers are observed under similar x-ray and UV exposure conditions [94].
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2.3.5 Gamma irradiation of silicon
Upon exposing silicon samples to the 662-keV 137Cs gamma source, similar results of enhanced
oxidation in comparison to ambient oxide growth were obtained. The data shown in Fig. 2.11
illustrates the final irradiation induced oxide thickness, as measured by SE, with respect to total
dose in the case of gamma irradiation. Each data point on this plot was obtained from separate
radiation events on distinct samples, each performed for different amounts of time at the same
dose rate of 4.7 rad(SiO2)/min. The radiation exposure times varied from 3 h to 48 h.
In comparison to the x-ray irradiation induced oxide growth, the total ionizing dose values for
gamma irradiation are much lower although the exposure times are much greater. Consequently,
although the acceleration in oxide growth due to gamma irradiation is lower, due to a smaller
absorption cross section, than that due to x-ray irradiation, the prolonged exposure time allows for
native oxidation to progress for a longer time resulting in comparable oxide thickness values.
Figure 2.11: Variation of irradiation induced oxide thickness with respect to total dose for
662-keV gamma ray exposure. Each data point represents a separate sample run performed for
varying amounts of time at the same dose rate equal to 4.7 rad(SiO2)/min.
A saturating behavior in oxide growth, similar to that with x-rays, was observed at long exposure
times or high total ionizing dose values. Gas analyzer measurements in the chamber during gamma
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irradiation confirmed the generation of ozone during irradiation, alluding to a similar mechanism
for enhanced oxidation as in the case of x-rays.
2.3.6 Thin oxide model for x-ray irradiation induced oxidation of silicon
The seminal Deal-Grove model has been predominantly used for estimating thicknesses of oxide
films and is applicable for bulk, wet or dry, thermal oxidation. However, in the case of ultra-thin
oxide growth, on the order of a few nanometers under dry conditions, the Deal-Grove formal-
ism underestimates the growth rate [85]. Several other models have been proposed to explain the
observed enhancement in growth rate during the initial oxidation stages at elevated temperatures
[95–97]. Oxidation models for low temperature oxide growth based on mechanisms such as in-
terface kinetics or stress have also been explored by several authors; a comprehensive review of
these models is provided by Lewis et al. [98]. However, as discussed in section 2.3.2, a more
accurate study of ultra- thin oxide growth is complicated by the determination of the parameters of
the transition region, which depend on the ambient conditions during the oxide growth.
In order to develop a predictive model correlating the enhanced oxidation during room tem-
perature x-ray irradiation to dose rate, we first consider a room temperature based model that has
been previously applied to describe native oxide growth [99]. The governing equation is attributed
to Elovich and is derived from the time logarithm law to describe chemisorption of oxygen onto
a surface where the activation energy of adsorption varies with surface coverage [100, 101]. The
Elovich equation has also been applied to describe electrons tunneling from a silicon substrate to
the surface to form ionized species, leading to oxidation [99]. Eqn. 2.5 shows the basic Elovich
relation, where t is the oxidation time and, x and xo represent the final and initial measured oxide
thickness, respectively. The dependent parameters ro and tm are specified as the initial oxidation
rate and the characteristic growth time, respectively. The characteristic growth time is associated
with the instance at which the oxidation rate falls to half the initial oxidation rate, and therefore
indicates the time when the oxidation becomes diffusion dominated.
34
x− xo = rotmln(1+ t/tm) (2.5)
In order to adapt the Elovich equation to account for the dose rate dependence of irradiation-
induced thin oxide growth, we assume that ro and tm depend on dose rate, but maintain the same
functional form of the equation. Accordingly, using the measured values of x, xo and t (where x
and xo are the ellisometrically measured final and initial oxide thicknesses and t is the irradiation-
induced oxidation time), we first fit the Elovich equation to the measured oxide thickness by al-
lowing ro and tm to vary such that a best fit was achieved. The dataset used for the model is the
same as that shown in Fig. 2.6 and Fig. 2.7. An excellent fit of the data to the Elovich functional
equation was obtained (R2 = 0.99) using the curve fitting tool in MATLAB, as shown in Fig. 2.12.
Figure 2.12: The measured oxide thickness data represented by markers labeled in the figure
legend, along with the Elovich equation based model fit in the form of lines, are shown for x-ray
dose rates ranging from 5.8 krad(SiO2)/min to 67 krad(SiO2)/min [78].
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Figure 2.13: Variation in (a) initial oxidation rate, ro, and (b) characteristic growth time, tm, with
incident 10-keV x-ray dose rate for the modified Elovich thin oxide growth model [78].
Variations of ro and tm with dose rate are illustrated in Fig. 2.13. From the figures, it can be
seen that, although ro and tm display a general trend with x-ray dose rate, a numerical expression
for predictive purposes cannot be obtained. The increasing trend in initial oxidation rate, ro, with
dose rate can be attributed to an increase in electron hole pair generation in silicon with dose
rate. These electrons tunnel through into the growing oxide layer forming a space charge layer.
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Additionally, the tunneling electrons also ionize the oxidant species on the surface, which in turn
can diffuse through the oxide layer under the influence of the space charge at the interface, thus
enhancing oxidation via increased oxidant diffusion. Similar mechanisms have been invoked to
explain low temperature oxidation in metals and semiconductors by Fehlner [102] and photon
assisted oxidation of silicon by Young et al. [88]. Faster oxidation rates decrease the time at which
diffusion decelerates the oxidation reaction and consequently decreases tm.
Based on the data presented in Fig. 2.12 and Fig. 2.13, it can be inferred that oxidant ki-
netics do play a role in irradiation-induced oxidation; however, since a fully systematic trend of
ro and tm with x-ray dose could not be obtained, a complete physical description of the underly-
ing mechanisms of irradiation-induced oxidation cannot be fully represented by the basic Elovich
equation. For example, the Elovich equation does not consider the impact of irradiation on defect
formation either in the silicon substrate or the forming thin oxide above it, and it also does not
consider any desorption that might occur at the sample surface and the influence of irradiation on
oxygen molecules arriving at the surface. Accordingly, we examined a second thin oxide model
proposed by Massoud et al. [103] that was originally applied to extend the Deal-Grove linear-
parabolic model to encompass thin oxides formed on silicon at elevated temperatures. This model
was considered to determine if a mathematical formalism that included extra energy in the system,
in the form of heat, would more effectively parameterize the experimental data, and account for
the additional energy input of irradiation. The Massoud model allows for higher oxidation rates
for thin oxides, and attributes these higher oxidation rates to several processes occurring in paral-
lel with the oxygen transport and reaction that are considered in the linear parabolic Deal-Grove
model. These processes include additional adsorption of oxidant species onto the surface at the
onset of oxidation, field enhanced diffusion of oxidant species through very thin oxides, and pos-
sible micro-channels or porosity associated with very thin oxides that may aid in faster transport
of oxidants to the interface. The additional processes leading to enhanced oxidation cease to exist
in thicker oxides, and the oxidation begins to follow the linear-parabolic model.
The oxide growth rate equation put forth by Massoud et al. [103] is shown in Eqn. 2.6, in which
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x represents the oxide thickness. The first term in the equation is associated with the Deal-Grove
linear parabolic oxide growth observed during typical thermal oxidation of bulk silicon dioxide. It
specifies the linear (B/A) and parabolic (B) rate constants associated with bulk oxidation.
dx/dt = (B/(2x+A))+C1exp(−x/L1)+C2exp(−x/L2) (2.6)
The phenomena leading to enhanced oxidation for thin oxide films are represented by the two
exponential terms added to the Deal-Grove linear and parabolic terms, where the C terms are co-
efficients for an initial and intermediate phase as defined below, and the L terms are characteristic
lengths. The first exponential term corresponds to the initial stage of oxidation from native oxide to
approximately 40 A˚ at 800 °C, in which the initially enhanced oxidation rate decreases very rapidly
with oxide thickness. The intermediate phase is defined by the second exponential term. In this
region, the oxidation rate decreases until it approaches the rate predicted by the linear parabolic
model. In the initial phase, the characteristic length, L1, increases with temperature, which implies
that the oxide thickness at which the initial phase terminates increases with temperature. There-
fore, it can be concluded that near room temperature the initial phase is short lived and the first
exponential term can be ignored for our room temperature studies. Even in the case of high tem-
perature oxidation of silicon, Massoud et al. suggest that ignoring the first exponential term in Eqn.
2.6 results in a fitting error of less than 5%, and a useful empirical expression for the oxidation rate
can be obtained even if one omits the first exponential term from the model [103].
In the intermediate phase, L2 is independent of temperature in the 800 °C to 1000 °C range,
while C2 has an Arrhenius dependence, as shown in Eqn. 2.7, with ∆E specified as the activation
energy.
C2 =Co2exp(−∆E/kT ) (2.7)
In order to apply the Massoud model to the observed x-ray irradiation induced oxidation on
silicon, we only consider the third term in Eqn. 2.6, because the observed oxide growth is less
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than 2 nm. This thickness is much less than that at which one begins to observe linear-parabolic
oxidation. Moreover, the oxidation occurs under room temperature conditions, making the initial
phase of the oxidation very short lived. Similar to the Massoud model, which includes the oxidation
rate enhancement experienced by thin oxides in the pre-exponential factor, the observed enhanced
oxidation rate due to x-ray irradiation is captured in the pre-exponential constant, Co, as discussed
in detail later in this section.
Figure 2.14: The modified Massoud model fit with L = 3.6 A˚and ∆E = 0.104 eV for oxide growth
rate with respect to effective oxide thickness is shown for dose rates ranging from 5.8
krad(SiO2)/min to 67 krad(SiO2)/min along with experimental data points [78].
Accordingly, the modified thin oxide equation considered in this work is shown in Eqn. 2.8
and Fig. 2.14, in which oxide thickness x is replaced by the ellipsometrically measured oxide
thickness, Eox, and kT is 0.025 eV at room temperature. A semi-empirical formalism is presented
here; further studies are necessary to determine the physical parameters underlying the effective
activation energy ∆E and effective characteristic length L for the given experimental conditions.
dEox/dt =Coexp(−∆E/kT )exp(−Eox/L) (2.8)
The dose rate dependence in Eqn. 2.8 is incorporated empirically in the constant Co, which is
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associated with the accelerated oxidation rate observed due to irradiation. The resulting relation-
ship that provides the best fit to the data is shown in Eqn. 2.9 and graphically in Fig. 2.15, where
Dr is the x-ray dose rate. The linear dependence of oxidation rate, Co, on x-ray dose rate may be
attributed to the radiation-dependent electron-hole pair (ehp) generation rate in silicon (4.2 x 103
ehp/cm3 per rad) [18]. Increased carrier generation in silicon enhances the probability of forma-
tion of reactive oxidant species, such as O−, which accelerate the oxidation rate of silicon [28]. In
our case, we increase the effective total ionizing dose by exposing the sample to increasing x-ray
dose rate (and hence the ehp generation rate) over a constant duration of time; therefore, a linear
correlation between oxidation rate and dose rate is plausible.
Co = 3.67+0.35(Dr) (2.9)
Figure 2.15: Linear dependence of constant Co on x-ray dose rate, Dr [78].
The modified oxidation model, shown in Fig. 2.14, was developed based on data correspond-
ing to x-ray irradiation experiments performed at 5.8 krad(SiO2)/min, 10.5 krad(SiO2)/min, 20.5
krad(SiO2)/min, 44.7 krad(SiO2)/min and 67 krad(SiO2)/min. The lines in the figure represent
the model fit for each dose rate obtained from Eqn. 2.8. The Eox values in the figure are oxide
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thickness values obtained after subtracting the initial oxide thickness corresponding to each exper-
imental run, similar to the x–xo term in the Elovich model. The analytically obtained values for
L and ∆E are 3.6 ± 0.8 A˚ and 0.104 ± 0.03 eV, respectively. The values were chosen based on
those that provided the best overall fit to experimental data and not necessarily on a physical basis,
providing an overall R2 of 0.85. The fit was performed using Origin by varying Co, ∆E and L, in
which all three parameters were varied in the first fit. The average value of ∆E was determined and
substituted in the subsequent fit which varied Co and L. The final iteration used the average values
of ∆E and L obtained previously and varied Co. In every iteration, the data set corresponding to
each dose rate were fit individually.
The phenomenological model presented in Eqn. 2.8 and Fig. 2.14 incorporating the influence
of x-ray dose rate provides a reasonable fit to the data and is useful for predicting oxide growth
due to 10-keV x-ray irradiation under room temperature conditions measured using spectroscopic
ellipsometry. The analytically obtained values for ∆E and L are applicable under the current exper-
imental conditions but may vary in the case of different silicon dopant concentrations or crystalline
orientations.
Initial results from x-ray irradiation of silicon samples with different dopant types and dopant
densities (Boron: 1015 cm−3 and 1018 cm−3; Antimony: 1018 cm−3), shown in Fig. 2.16, sug-
gested that the silicon wafer doping conditions do not have a significant effect on the irradiation
accelerated oxidation effect. This conclusion is consistent with previous findings by Massoud et
al. that doping does not influence the oxidation enhancement rate in the thin oxide regime [103] .
Negligible difference in the estimated oxide growth rate (<4%) was observed for irradiated p-type
substrates with different doping density. Although the highly doped n-type silicon substrates ex-
hibited a slightly faster oxide growth rate (approximately 15% faster) under irradiation compared
to the irradiated p-type silicon samples, a similar trend was observed for native oxide growth (no
irradiation) on the highly doped n-type silicon sample compared to the p-type samples. Hence, the
defined constants in Eqn. 2.8 may change slightly for n-type silicon substrates. Moreover, it is
more generally anticipated that changes in factors influencing oxide growth will modulate the de-
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fined constants, while the functional form of the model should remain valid as long as the ambient
conditions during oxidation do not change significantly from those employed here. Also note that
even though the data used to develop the oxidation model was obtained from x-ray irradiation of
silicon, a similar formalism is expected for gamma irradiation. In the case of irradiation-induced
oxide growth under elevated temperature conditions (200 °C) that lead to oxide thicknesses that
exceed traditional native oxides, additional modifications to the model will be necessary.
Figure 2.16: Irradiation induced oxide growth on silicon samples with different doping conditions
exposed to 31.5 krad(SiO2)/min for 180 min.
2.3.7 Influence of temperature on irradiation induced silicon oxidation
Bare silicon samples were exposed to different x-ray dose rates at room temperature and at elevated
temperatures (120 °C and 200 °C) for a duration of 180 min. The various conditions tested are
shown in Table 1.
The oxide growth, which was confined to the typical native oxide thickness in the case of irra-
diation at room temperature, exceeded 2 nm thickness at a temperature of 200 °C when combined
with irradiation. This indicates that irradiation at elevated temperatures results in a thicker oxide
growth on bare silicon, in comparison to the application of irradiation or high temperature alone.
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Table 2.1
Test conditions for irradiation of bare silicon
Dose rate (krad(SiO2)/min) Temperature (°C)
Reference - RT
Reference - 120
X-ray 1 31.5 RT
X-ray 2 31.5 120
X-ray 3 67 RT
X-ray 4 67 200
Such conditions are representative of the environment expected to occur in nuclear reactors, in
which temperatures can range from 280 °C to 990 °C, depending on the type of reactor [104]. The
observed trends in measured effective oxide thickness variation with temperature and radiation are
shown in Fig. 2.17.
Figure 2.17: Effective oxide thickness variation on bare silicon with exposure to 10-keV
radiation, high temperature and, irradiation at high temperature.
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2.4 Summary
The effects of high energy radiation on silicon, particularly the surface, were explored in this
chapter. A complete characterization of the accelerated growth of a thin oxide film on silicon
due to exposure to 10-keV x-rays was presented. XPS measurements of the irradiated surface
confirm the growth of stoichiometric SiO2 along with a sub-oxide transition layer. A comparison
between XPS and SE estimated oxide thickness values revealed similar trends with a systematic
offset equal to ∼ 1.0 ± 0.7 nm. Due to the quick, consistent and non-destructive nature of SE
measurements, oxide thickness values obtained via ellipsometry were considered suitable to use
for parameterization purposes in this work. From AFM measurements, no significant difference
in surface roughness was seen between irradiated and non-irradiated samples, which is consistent
with the passive oxidation regime in silicon. Irradiation at elevated temperatures resulted in a faster
oxidation rate, exceeding the native oxide thickness limit of∼ 2 nm experienced during irradiation
under room temperature conditions. Additionally, variation in dopant concentration in silicon does
not have a significant influence on the thin oxide growth due to irradiation. This result is consistent
with previous studies on thin oxide growth on doped silicon conducted by Massoud et. al.
The phenomenon of irradiation induced oxide growth on silicon is found to be dependent on
both total ionizing dose and dose rate. The oxidation mechanism can be attributed to the photo-
dissociation of oxygen molecules, due to x-ray exposure, to form oxygen atoms and/or ozone.
Measurements taken using an ozone analyzer confirm the presence of photo-dissociated oxygen
atoms during UV, x-ray and gamma irradiation. Comparative irradiation studies performed with
a UV source and a 662-keV gamma source demonstrate the importance of the absorption cross
section of silicon, surface interactions of reactive oxygen species, and their contribution to the
oxide growth rate. Exposure to UV radiation resulted in the greatest enhancement in oxidation rate
followed by 10-keV x-rays and lastly the 662-keV gamma rays.
A room temperature Elovich equation based model and a high temperature thin oxide growth
model developed by Massoud et al. were both applied to characterize the enhanced oxidation rates
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observed during x-ray irradiation at room temperature and provide insight on possible mechanisms.
The Elovich model was found to be insufficient for enabling predictive estimates of oxide growth
as a function of x-ray dose rate; phenomena such as defect generation in silicon or the impact of
radiation on incoming oxidant species are not accounted for in this model. On the other hand,
the Massoud model encapsulates all mechanisms leading to enhanced oxidation in the thin oxide
regime by including an exponential growth rate term representing the additional energy introduced
into the system in the form of heat. In this work, energy is incident on the system in the form of
irradiation. The proposed model effectively parameterized the x-ray dose rate dependence of the
accelerated oxide growth, supporting the experimental results. While variations in factors influ-
encing oxide growth rate, including ambient conditions, crystal orientation and doping conditions
of the silicon sample are expected to modulate the derived constant values, the overall functional
form of the model is expected to remain valid as long as the ambient conditions during oxidation
do not change significantly from those employed here.
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CHAPTER 3
HIGH ENERGY RADIATION EFFECTS ON SI RING RESONATOR
3.1 Introduction
In the previous chapter, we characterized the impact of high energy radiation on the silicon surface
and found out that exposure to radiation resulted in accelerated growth of native oxide on unpas-
sivated silicon surfaces. Now we continue the study by extending it to a simple, passive silicon
based optical device, a silicon ring resonator. As mentioned in section 1.3.2, ring resonators have
wide spread applications ranging from optical switches and modulators in data communications to
functioning as biosensors in environmental monitoring. The merger of microelectronics with op-
tics increases the likelihood of optical components being exposed to high radiation environments
such as in circuitry aboard a satellite or in nuclear reactors. Therefore, in addition to testing mi-
croelectronics, it is imperative to perform radiation testing on optical components as well. In this
chapter, we report on the effect of high energy radiation on the transmission response of silicon
ring resonators as a function of surface passivation. The mechanism behind the observed change
in transmission response of unpassivated rings is correlated to the previously noted enhanced oxi-
dation of silicon upon irradiation.
3.2 Experimental methods
The ring resonator design used in this work is shown in Fig. 3.1 and consists of a 24 µm diameter
silicon ring separated from a 500 nm wide silicon bus waveguide by a 300 nm air gap. The design
was optimized for transverse magnetic (TM) polarization to maximize the electric field intensity
at the silicon surface in order to enhance the surface sensitivity of the structure to small refractive
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index perturbations [105].
The microring resonators are fabricated on silicon-on-insulator (SOI) wafers with a 3 µm thick
buried oxide layer (SOITEC). The thickness of the silicon device layer is 270 nm for the ring res-
onators. The wafers were cleaved and coated with a 300 nm ZEP520A photoresist (6000 rpm for
45 s). Electron beam lithography was performed using a JEOL9300FS tool at 100 kV voltage,
400 µmC/cm2. Following exposure, the samples were developed in xylenes for 30 s and rinsed
thoroughly with isopropyl alcohol (IPA). The photoresist pattern was then transferred into the sili-
con layer by reactive ion etching (Oxford PlasmaLab 100) using C4F8/SF6/Ar gases to completely
etch the exposed portion of the silicon layer. After fabricating the rings and waveguides, the region
surrounding the ring was covered with a protective 1.3 µm thick photoresist layer (Shipley 1813),
as shown in the inset of Fig. 3.1, such that only the ring and immediately adjacent bus waveguide
region are exposed to the ambient and chemical treatments performed during the experiment. For
the protective photoresist layer, the sample was cleaned with IPA and then baked on a hot plate
at 115 °C for 10 min to remove water and IPA on the surface. Shipley 1813 photoresist was spin
coated onto the sample at 4000 rpm for 45 s. Next, the sample was soft baked on a hot plate at
95 °C for 50 s and then exposed under a mask aligner at 70 mJ/cm2 (Karl Suss MA6). An AZ MIF
developer was used for 1 min, and the sample was then placed on a hot plate for 10 min at 115 °C
to drive off solvent. Finally, the sample was rinsed with DI water and dried under nitrogen before
measurements.
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Figure 3.1: SEM image of a silicon ring resonator with the silicon bus waveguide and ring (light
grey) on top of silicon dioxide (dark grey). The inset image shows rings with the surrounding
protective photoresist coating (false color green) [106].
Figure 3.2: Transmission spectrum of a typical silicon ring resonator used in this work [106].
The transmission spectrum of one of the ring resonators used in this study is shown in Fig.
3.2. All of the ring resonators employed in this work had a free spectral range of approximately
6 nm and a Q-factor ranging from 40,000-80,000. Slight deviations in the ring characteristics arose
due to minor fabrication variations in parameters such as the ring diameter, and the gap between
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the ring and the waveguide. Deviations in the initial resonance wavelength of the ring resonators
presented in this work resulted from these minor fabrication variations, and/or from the selection
of a different resonance within the measurement range (see Fig. 3.2). The differences observed in
the initial resonance wavelengths do not affect the magnitudes of the resonance wavelength shifts
measured as a result of irradiation of the ring resonators.
A ring resonator selectively couples light at resonant wavelengths into the ring when the optical
path length of the ring, given by the product of the modal effective index ne f f , and the round trip
length around the ring, L (L=2pir, where r is the radius of the ring), is equal to an integer multiple
of the wavelength of light in the bus waveguide, as stated in Eqn. 3.1. This equation states the
condition for constructive interference in the ring and when satisfied, the light couples from the
waveguide into the ring and builds up in intensity as it circulates around the ring. The intensity of
the light coupled into the ring is also a function of the gap (i.e., the distance between the ring and the
waveguide), with a smaller gap resulting in increased coupling. As per Eqn. 3.1, any modification
of the ring that leads to a change in the effective index, for example due to oxidation of a silicon
ring, will lead to shifts of the resonant wavelengths, which can be measured and calibrated to
estimate oxide growth or in our case, radiation dose.
ne f f L = mλres (3.1)
X-ray irradiation was performed using a 10-keV (ARACOR model 4100) tungsten source. The
samples were placed on a stage 4 cm away from the source. The dose rate was modulated by
tuning the source beam current and voltage. For gamma ray exposure, a 662-keV 137Cs source was
employed; the dose rate was controlled by varying the source to sample distance. The various test
conditions explored using the two irradiation sources are listed in Table 3.1. All irradiation runs
were performed under room temperature and ambient atmospheric conditions. Two sets of silicon
ring resonator samples were considered in this study: one set was pre-treated with 10% buffered
oxide etch solution to remove any native oxide present on the ring surface (indicated by U in Table
3.1), while the second set had a native oxide surface passivation layer that was allowed to grow for
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more than one month before the rings were used (P in Table 3.1). Transmission measurements were
performed before and after irradiation to determine the impact of the radiation on the resonance
wavelengths of the rings.
Table 3.1
Test conditions for irradiation of silicon ring resonators
Total Dose
(krad(SiO2))
Time (min) Dose rate
(krad(SiO2)/min)
Sample a
Reference - - - U
X-ray 1 145 25 5.8 U,P
X-ray 2 870 150 5.8 U
X-ray 3 1341 30 44.7 U
X-ray 4 6705 150 44.7 U
Gamma 1 147 240 0.6 U,P
aU: Unpassivated; P: Passivated samples
A tunable continuous wave diode laser source with a spectral resolution of 0.001 nm (SANTEC
TSL-510) was used for transmission measurements over the wavelength range of 1500 nm to 1630
nm. The input light was TM polarized and the transmitted light was detected using an optical
power meter (Newport 2936-C). Each ring resonator sample was mounted on an XY stage, and
piezo-controlled XYZ stages were used to facilitate the coupling of light between polarization-
maintaining lensed fibers (OZ Optics Ltd.) and the sample.
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3.3 Results and Discussion
3.3.1 Transmission response of unpassivated silicon ring resonators
In the case of 10-keV x-ray irradiation, ring resonators were initially exposed to total doses of
145 krad(SiO2) and 870 krad(SiO2) at a 5.8 krad(SiO2)/min dose rate. For unpassivated samples
with no native oxide on the surface, a resonance wavelength shift to lower values was observed, as
shown in Fig. 3.3, with exposure to the larger total dose leading to a larger resonance wavelength
blue-shift. Variations in the magnitude of the measured transmission intensity are attributed in part
to changes in the coupling efficiency of light from the tapered fiber to the ring resonator waveguide.
A series of consecutive x-ray exposures were then performed at two different dose rates, 5.8
krad(SiO2)/min and 44.7 krad(SiO2)/min, on unpassivated rings along with periodic transmission
measurements. In addition, one unpassivated ring resonator was irradiated at 44.7 krad(SiO2)/min
for only 30 minutes, and then its transmission spectrum was monitored at the same time intervals
as the other samples undergoing continued x-ray irradiation. The unpassivated reference ring res-
onator for this experiment was not irradiated but was exposed to similar ambient conditions as the
irradiated samples and its transmission was measured at the same time intervals as the irradiated
rings.
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Figure 3.3: Transmission measurements on unpassivated silicon ring resonators exposed to
10-keV x-rays at total ionizing doses of (a) 145 krad(SiO2) and (b) 870 krad(SiO2), at a dose rate
of 5.8 krad(SiO2)/min. The resonances blue-shift with increasing total ionizing dose, which is
attributed to accelerated oxide growth. Lorentzian fits to the resonances are shown [106].52
Figure 3.4: Consecutive transmission measurements performed on unpassivated silicon ring
resonators irradiated at dose rates of 5.8 krad(SiO2)/min for 150 min (blue squares) and 44.7
krad(SiO2)/min for 150 min (red circles). One ring resonator was irradiated for only 30 min at
44.7 krad(SiO2)/min (green triangles). The unpassivated reference ring resonator was not
irradiated but was otherwise exposed to similar ambient conditions. Dashed lines represent the
times when the samples are exposed to radiation while solid lines represent times when samples
are not irradiated [106].
As shown in Fig. 3.4, the resonance wavelengths of all the rings blue-shift as a function of time.
For the reference ring, the phenomenon is due to native oxide growth that naturally occurs on un-
passivated silicon surfaces. Oxidation of a silicon ring resonator decreases the effective refractive
index of the ring, leading to a resonance wavelength blue-shift. For the unpassivated silicon rings
that were exposed to various doses of x-ray irradiation, the resonance shifts are also likely due
to oxide growth, based on past studies that have shown that x-ray irradiation of unpassivated sili-
con wafers accelerates native oxide growth [28]. In support of this hypothesis, it was shown that
x-ray irradiation at a dose rate of 44.7 krad(SiO2)/min for 2 h of a ring that was completely cov-
ered in polymer did not affect the resonance wavelength, which is consistent with the protective
layer prohibiting oxidant species from reaching the silicon layer and oxidizing the surface. The
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smaller resonance wavelength shifts measured for unprotected silicon rings exposed to lower doses
of x-ray irradiation can therefore be attributed to thinner oxide growth. Interestingly, the trend in
resonance wavelength shift over time for the unprotected ring irradiated at 44.7 krad(SiO2)/min
for only 30 min and the unprotected ring irradiated at the same dose rate for the full 150 min of
the experiment are nearly identical. Moreover, beyond a time of 30 minutes, the slopes of all the
curves in Fig. 3.4 are approximately the same, suggesting that the initial exposure to x-ray radi-
ation immediately accelerates the oxide growth rate but, for longer times, sustained exposure to
x-ray radiation does not continue to increase the oxide growth rate beyond that of native oxide. It
is possible that after the initial x-ray exposure, sufficient oxide has grown to make the additional
growth of oxide diffusion rate limited, rather than reaction rate limited. As a result, the additional
oxidizing species made available by the continued x-ray irradiation do not continue to significantly
accelerate the native oxide growth.
In order to investigate the effects of higher energy 662-keV gamma exposure on the trans-
mission spectrum of an unpassivated silicon ring resonator, a ring was exposed to gamma rays at
a dose rate of 0.6 krad(SiO2)/min for 240 min for a total ionizing dose of 147 krad(SiO2). As
shown in Fig. 3.5, this gamma irradiation led to a large resonance wavelength shift of 0.4 nm,
which is approximately six times larger than the FWHM of the resonance and resulted in a greater
than 10 dB change in transmitted intensity. The unirradiated, unpassivated reference ring that was
exposed to similar ambient conditions experienced a smaller resonance wavelength shift of approx-
imately 0.25 nm after 240 min due to native oxide growth. Similar to the x-ray irradiation case,
the resonance blue-shift following gamma irradiation of the silicon ring resonator is attributed to
accelerated native oxide growth. It is expected that, experiments monitoring the wavelength shift
for increasing total dose for gamma irradiation, would result in similar trends as shown in the case
of x-rays in Fig. 3.4.
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Figure 3.5: Transmission measurements on an unpassivated silicon ring resonator exposed to
662-keV gamma irradiation for a total ionizing dose of 147 krad(SiO2). A blue shift in resonance
wavelength resulted from the irradiation, which is attributed to surface oxidation [106].
In comparing the effects of similar total ionizing dose for 10-keV x-rays (145 krad(SiO2), 25
min exposure; Fig. 3.2a) and 662-keV gamma rays (147 krad(SiO2), 240 min exposure; Fig. 3.5)
on unpassivated silicon ring resonators, it appears that the gamma irradiation leads to a larger
blue-shift of 0.4 nm versus 0.17 nm for x-ray irradiation. However, a direct comparison is not
so straightforward because the gamma source has a much lower dose rate compared to the x-ray
source, and so the gamma irradiated ring experienced a significantly longer exposure time for the
same total ionizing dose. This longer exposure time resulted in a longer time duration for natural
native oxide growth following the initial irradiation-accelerated oxide growth. Further studies
would be necessary to determine the minimum gamma ray total ionizing dose and exposure time,
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as well as the minimum x-ray total ionizing dose and exposure time, for causing a greater than 3
dB change in the transmission spectrum of silicon ring resonators, which is a typical benchmark
modulation depth for silicon modulator devices that are intentionally actuated.
3.3.2 Influence of high energy irradiation on passivated ring resonators
Next, in order to investigate whether x-ray and gamma irradiation have an effect on the trans-
mission of silicon ring resonators passivated with a terminal native oxide layer, ring resonators
passivated with native oxide that was allowed to grow for more than one month were exposed
to 10-keV x-rays (5.8 krad(SiO2)/min) to a total ionizing dose of 145 krad(SiO2) and 662-keV
gamma rays (0.6 krad(SiO2)/min) to a total ionizing dose of 147 krad(SiO2). As shown in Fig. 3.6,
the resonance wavelength of the passivated rings did not change after irradiation (i.e., < 0.016 nm
resonance shift), indicating that after the silicon surface is saturated with native oxide, exposure
to high energy radiation does not induce additional oxide growth due to the diffusion limitation of
the oxidant species.
Consecutive transmission measurements performed on a passivated silicon ring at room tem-
perature are shown in Fig. 3.7. A resonance drift of ∼ 0.02 nm was observed, which could be
minimized by using a temperature controlled stage. Therefore, the transmission measurements on
the passivated rings were made using a thermoelectric stage (PHYSITEMP TS-4SPDER) with a
temperature control resolution of 0.1 °C to minimize resonance drift due to fluctuations in room
temperature.
56
Figure 3.6: Transmission measurements of native oxide passivated silicon ring resonators exposed
to (a) 10-keV x-rays for a total ionizing dose of 145 krad(SiO2) and (b) 662-keV gamma rays for
a total ionizing dose equal to 147 krad(SiO2). Irradiation does not affect the resonance
wavelength [106].
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The stage was set to 37 °C and allowed to stabilize for 30 min prior to measurement of each
ring. The value of dλ/dT for the transmission setup was experimentally estimated to be 0.06
nm/°C, which is consistent with other reports [29], by varying the stage temperature from 20 °C
to 90 °C, measuring the resonance wavelength of a ring at 10 °C increments, and then executing a
linear fit to the data.
Figure 3.7: Consecutive transmission measurements performed at room temperature on a
passivated silicon ring resonator indicated a resonance drift of ∼ 0.02 nm.
The linear fit obtained is shown in Fig. 3.8. Without using the temperature controlled sample
stage, the resonance wavelengths of the ring resonators drifted by approximately 0.03 nm over the
course of 240 min due to ambient temperature fluctuations. Hence, the optical properties of passi-
vated silicon ring resonators can be considered to be unaffected by x-ray or gamma radiation. The
temperature-controlled stage was not required during the measurements of unpassivated silicon
ring resonators because the measured resonance shifts were significantly larger than the resonance
drifts resulting from ambient temperature fluctuations.
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Figure 3.8: Measured variation of resonance wavelength of a silicon ring resonator with
temperature. Courtesy Shuren Hu and Balakrishnan Melkote Badrinath.
3.3.3 Mechanism behind irradiation induced blue shift observed in unpassivated silicon ring
resonators
We now consider why accelerated oxidation of unpassivated silicon rings upon exposure to high
energy radiation is observed in this work. The phenomenon is similar to that observed upon irradi-
ation of bare silicon, as discussed in section 2.4. The typical oxidant species involved in ambient
oxidation of silicon are oxygen molecules in air. Photons with energy greater than 5.1 eV are capa-
ble of dissociating oxygen molecules into reactive oxygen atoms [86]. Therefore, when radiation
is incident on the sample, the species participating in oxidation include reactive oxygen atoms,
O. Incident radiation also generates electrons near the silicon surface via the photoelectric effect.
These photoelectrons interact with diffusing oxygen atoms to generate ions such as O− and O2−,
which further oxidize the surface. Hence, when an unpassivated silicon surface is irradiated, it oxi-
dizes faster than usual. Prior studies have shown that both total ionizing dose and dose rate impact
the accelerated oxidation rate [28]. Under room temperature conditions, as the oxide approaches
a terminal native oxide thickness, further growth becomes inhibited by slower oxidant diffusion
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through the already formed native oxide layer. Therefore, a silicon ring resonator with native
oxide passivation that is exposed to high energy radiation does not exhibit further oxidation and
shows no shift in resonance wavelength. On the other hand, an unpassivated silicon ring resonator
experiences accelerated native oxide growth upon irradiation. As the silicon (refractive index: 3.4)
on the surface is replaced by SiO2, which has a lower refractive index of 1.5, the overall effective
index of the ring is reduced. From Eqn. 3.1, a decrease in ne f f will lead to a reduction or a blue
shift in the resonance wavelength values, as observed in the transmission response of unpassivated
silicon rings. We conclude that displacement or ionization damage due to x-ray or gamma ray
irradiation does not have measureable influence on the transmission response of the ring resonator,
as the polymer coated ring that prohibited oxidant species from reaching the silicon surface did not
exhibit any change in transmission response upon irradiation. Further studies consisting of expo-
sure to high energy electrons, protons or neutrons, would be necessary to determine the sensitivity
of passivated silicon ring resonators to displacement damage caused by particle radiation.
3.4 Summary
In this chapter, we applied the phenomenon of accelerated native oxide growth observed on bare
silicon to a silicon based simple, passive optical structure with a surface-sensitive transmission
response: a ring resonator. The results were consistent with that observed on bare silicon; irra-
diation of the exposed region of the silicon ring enhanced the rate of native oxide growth on an
unpassivated sample. As a consequence, we observed a blue shift in the transmission response,
which is proportional to the thickness of the native oxide grown. The grown oxide thickness is
further related to the total ionizing dose and dose rate of the x-rays or gamma rays, as seen pre-
viously on bare silicon. In conclusion, we have demonstrated the effect of surface passivation on
the optical response of silicon ring resonators exposed to high energy radiation. The transmission
spectra of ring resonators passivated with native oxide were found to be immune to 10-keV x-
ray and 662-keV gamma radiation while unpassivated rings experienced a transmission spectrum
blue-shift. The shift in resonance wavelength of the irradiated, unpassivated rings was found to
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be related to the incident total ionizing dose and approached saturation for high doses. A large
resonance shift equivalent to approximately six times the FWHM of the resonance was measured
upon exposure to both 10-keV x-rays (total ionizing dose: 870 krad(SiO2)) and 662-keV gamma
rays (total ionizing dose: 147 krad(SiO2)). The studies did not reveal a clear distinction between
the effect of total ionizing dose and dose rate, and further investigation is required to distinguish
the effects. We conclude that passivated silicon ring resonators are likely to perform reliably in
harsh radiation environments, consisting of x-rays or gamma rays, as long as suitable measures are
taken to account for temperature fluctuations.
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CHAPTER 4
FABRICATION OF A-SI:H PHOTOVOLTAIC CELL WITH POROUS A-SI:H GRATING AND
PERFORMANCE EVALUATION UNDER STANDARD AND HIGH ENERGY RADIATION
CONDITIONS
4.1 Introduction
In the previous chapters, we have assessed and characterized the influence of high energy radiation
on the surface of bare silicon, and applied the observations to explain the behavior of the transmis-
sion response of a silicon ring resonator upon irradiation. In this chapter, we explore another more
complex electro-optical device, which is often exposed to high energy radiation, a hydrogenated
amorphous silicon (a-Si:H) photovoltaic cell. As discussed in chapter 1, amorphous silicon based
photovoltaics are well suited for implementation in high radiation environments and their future
relies on incorporating technologies that improve efficiency, but at a low cost. In the following sec-
tions, we demonstrate the fabrication of one such design, which integrates a porous a-Si:H based
grating with the a-Si:H cell on a glass substrate. An efficiency enhancement of 30% in compar-
ison to a cell with a flat metal back reflector was achieved. This versatile grating design can be
integrated with any existing a-Si:H based cell on a variety of substrates, such as glass, polymer, or
metal foils.
4.2 Experimental methods
A schematic of the steps performed to fabricate the a-Si:H solar cell with a silver covered porous
grating is shown in the Fig. 4.1. The following sections discuss each step in detail along with a
description of the irradiation and measurement setups.
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Figure 4.1: Process steps undertaken to fabricate an a-Si:H solar cell with a back reflector
consisting of silver on porous a-Si:H grating.
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4.2.1 Substrate preparation and fabrication of back reflector grating
The device was fabricated on a glass substrate (Corning EAGLE XG), which was rinsed with iso-
propyl alchohol, ethanol and methanol to remove any contaminants adhering to the surface. Before
depositing a-Si:H for the porous grating, a 100 nm SiO2 layer was deposited to promote adhesion
using plasma enhanced chemical vapor deposition (PECVD). It was found that samples prepared
without the thin SiO2 layer delaminated during the etch. The a-Si:H layer used for the porous grat-
ing formation was a lightly p-doped 280 nm thick a-Si:H layer deposited via PECVD with 10%
silane (SiH4) diluted with He, 2% trimethylboron (TMB, B(CH3)3) diluted with hydrogen (H2)
and H2. Full details of processing conditions are found in appendix B.
Metal assisted chemical (MAC) etching was used to porosify a-Si:H. A discontinuous
5 nm layer of gold, which acts as a catalyst, was deposited on a-Si:H by thermal evaporation,
after which the a-Si:H layer was etched using a solution consisting of 49% hydroflouric acid (HF),
30% hydrogen peroxide (H2O2) and deionized (DI) water in the ratio of 1:1:4. The sample was
immersed in the etch solution for 45 sec, resulting in ∼ 100 nm thick porous layer. During the
MAC etch, the oxidizing agent (H2O2) oxidizes a-Si:H underneath the metal, which is then etched
away by HF forming a grass-like porous layer of a-Si:H. A profile image of a sample with a 1
min 30 sec MAC etch is shown in Fig. 4.2. Note that the entire a-Si:H layer is not porosified in
this process leaving behind a 160 nm a-Si:H layer underneath the porous layer. Some amount of
unporosified a-Si:H layer under the porous region is necessary to act as a barrier during the MAC
etch, preventing access to the underlying oxide, which would otherwise etch quickly in the etch
solution. A detailed discussion of the MAC etch is provided in section 4.3.1 and appendix B. Ad-
ditionally as the MAC etch proceeds, the thin discontinuous layer of gold sinks into the pores and
is represented as a yellow dashed line in the Fig. 4.1 and is visible as a bright layer at the bottom of
the pores in Fig. 4.2. This layer of gold at the bottom of the pores does not impact any subsequent
processes and does not play a role in the functioning of the device.
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Figure 4.2: Cross-sectional SEM image of a 1 min 30 sec MAC etched a-Si:H layer on glass.
After porosification, the layer is patterned with a 1-dimensional (1-D) or a 2-dimensional (2-D)
grating design via direct imprinting of porous substrates (DIPS) method as shown in Fig. 4.3 [72].
DIPS is performed by physically pressing a silicon stamp with the grating design onto the porous
layer. A pressure of 170-180 psi was applied to a 4.5 mm × 4.5 mm stamp. Prior to performing
the imprintation, the silicon stamp was oxidized at 800 °C for 30 min and silanized overnight to
minimize adhesion of the porous a-Si:H to the stamp. The silanization procedure was performed
in an evacuated dessicator, in which the stamp and an open glass vial containing 70 µl of TCPF
(Triphenylcyclopropenylium Hexafluoroantimonate) was placed. Over time the TCPF evaporates
forming a monolayer of silane on the sample surface. The stamps were cleaned with an ethanol
rinse after 8 imprintations. SEM images of a 2-D and 1-D grating in porous a-Si:H are shown in
Fig. 4.3.
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Figure 4.3: Top view SEM images of a) 2-D grating imprinted on porous a-Si:H using DIPS and
b) 1-D grating imprinted in porous a-Si:H.
After pattern transfer, a 5 nm thick layer of chromium followed by a 100 nm thick layer of silver
was thermally evaporated onto the imprinted porous a-Si:H grating, in order to form a metallic
grating. The chromium layer was added to promote adhesion of silver to the underlying porous
a-Si:H layer.
4.2.2 Fabrication of n-i-p a-Si:H cell
Specific details of recipes referred to in this section are mentioned in Appendix C. The a-Si:H cell
was fabricated on top of the metal covered porous grating beginning with the back contact. A 60
nm thick indium tin oxide (ITO) layer was sputtered using the Angstrom A˚mod RF magnetron
sputter tool. The layer was deposited at 200 °C using an Argon plasma with 1% O2. This method
of deposition resulted in a layer with a resistivity of 6.7 x 10−4 Ω-cm. A discussion related to
ITO process development is presented in section 4.3.4. The sample was then transferred to the
PECVD chamber for n-i-p a-Si:H depositions, during which a small area in the corner of the
sample was covered with a piece of silicon that acted as a mask and allowed access to the bottom
ITO contact for measurements on the completed solar cell. The n, i and p-layers were deposited at
200 °C, in that order. The n-layer was doped with phosphorous using 1% phosphine (PH3) diluted
in He, as the dopant gas, while the p-layer was formed using TMB during the deposition. A
clean was performed in between the n-layer and the i-layer depositions to prevent phosphine from
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contaminating the intrinsic region of the device. The thicknesses of the p, i and n-layers were 12
nm, 180 nm and 25 nm, respectively. a-Si:H based solar cells typically employ an i-layer thickness
of 300 nm, but in our case the i-layer was intentionally made thinner in order to enhance the carrier
collection efficiency by reducing the distance the photo-generated carriers have to traverse prior
to being collected at the p and n-layers. Since a thinner i-layer also results in reduced absorption
of light passing through the solar cell once, a back reflector becomes essential in this design to
increase photon absorption by scattering unabsorbed light back into the active region. In the case
of the p-layer, it is beneficial to promote the growth of a layer that is proto-crystalline in nature,
meaning that the layer is mostly amorphous with some dispersed crystalline regions, as opposed to
a purely amorphous layer. Previous studies have shown that a proto-crystalline layer has a wider
bandgap, which contributes to a higher built in voltage and, consequently, a higher open circuit
voltage [107, 108]. In order to facilitate proto-crystalline growth in the p-layer, the i-layer is
exposed to a 150 sec H2 plasma treatment, which roughens the layer and generates nucleation sites
for the subsequent p-layer [109]. Implementation of the i-layer treatment in our process increased
the open circuit voltage of the cells by 200 mV. Additionally, the specific thickness values of the p,
i and n layers are optimized to maximize the electric field in the i-layer, which is also determined
by the doping in the p and n layers, such that any carriers generated in the intrinsic region are
efficiently captured by the external contacts.
The cell was completed by depositing a 60 nm thick ITO layer, which serves as the top con-
tact. The same recipe as detailed previously for the bottom ITO contact was followed at a lower
temperature of 175 °C, in order to reduce impact of high temperature processing on the underlying
a-Si:H device layers. A stainless steel contact mask was used during the deposition to pattern the
ITO with 0.07 cm2 circular cells.
4.2.3 I-V measurement setup
A LabView controlled Keithley 2400 source meter was used to perform the light and dark I-V
measurements. The light source used was a 100 W Xenon ozone free lamp with an AM1.5G
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filter, which ensures that the emitted spectrum imitates the solar irradiance received on the earth’s
surface. Prior to the measurement, the intensity of the light source was calibrated to maintain one
sun conditions, which is equivalent to an irradiance of 100 mW/cm2, by using a standard c-Si
reference cell with an integrated KG5 window. The KG5 window adjusts the spectral response
of a c-Si solar cell to better match with that of an a-Si:H solar cell. The sample is placed in a
black box with an inlet for the light source and, probes contacting the front and back ITO pads are
placed onto the sample. A dark I-V measurement is performed first, after which the light source is
unblocked and a light I-V measurement is performed.
4.2.4 Details of the proton irradiation setup
Irradiation of the cells was performed in a 6SDH Pelletron accelerator. The cells were exposed to
4-MeV protons up to a total ionizing dose of 1013 cm−2. The cell was vertically mounted on the
sample holder, which was then placed inside a custom made vacuum chamber for test setups. The
sample was placed in the center of a 1” diameter proton beam, allowing five cells to be irradiated at
one time. The chamber was pumped down to∼ 2 x 10−5 Torr and the sample was irradiated to a set
maximum fluence. The sample was then removed from the chamber for further I-V measurements
post irradiation.
4.3 Results and Discussion
4.3.1 Porosifying amorphous silicon
In recent years, porous materials have attracted a lot of attention due to their large surface area,
ability to interact with light and demonstration of interesting mechanical properties. For instance,
porous metals and metallic foams can be designed to be conductive, exhibit high mechanical
strength for biomedical applications or be permeable for flow through applications [110]. Porous
semiconductors, such as porous silicon, have been used in several applications ranging from light
emitting diodes [111, 112] to chemical and biosensing applications [113]. Porous silicon has also
been used in energy applications, for example, as an anti-reflective coating to improve light ab-
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sorption in poly-crystalline or crystalline solar cells [71, 114, 115]. Additionally, Vitanov et al.
have demonstrated the use of porous silicon as a sacrificial layer to form solar cells with buried
contacts [116]. Recent demonstration of DIPS (direct imprinting of porous substrates) on porous
silicon [72] has provided the means to fabricate complex patterns on any porous medium in a
cost-effective manner. The DIPS technique was utilized in this work to imprint patterns on porous
amorphous silicon for the first time, forming grating designs capable of functioning as a back
reflector in a-Si:H cells. The DIPS-patterned porous amorphous silicon gratings and amorphous
silicon solar cell could be deposited on any substrate capable of handling temperatures up to 250
°C and withstanding the MAC etch treatment. If implemented in a roll-to-roll configuration, DIPS
patterned flexible amorphous silicon solar cells could be produced in a highly cost-effective and
high throughput manner.
The standard method to porosify crystalline silicon by electrochemical etching uses a hy-
droflouric acid (HF) based electrolyte [117]. A similar electrochemical etching method has been
employed to produce porous amorphous silicon on crystalline silicon substrate for photolumines-
cence investigations [118], and it was found that a-Si could be porosified up to a maximum thick-
ness of 0.5 µm, beyond which the a-Si layer began to delaminate [119]. If amorphous silicon is
deposited on a non-conducting substrate, such as glass, the electrochemical etch method cannot be
easily applied due to the lack of a conductive substrate to supply the necessary carriers for porosi-
fication. An alternate approach to making porous amorphous silicon is the metal assisted chemical
(MAC) etch. In this method, a thin layer of metal (Au, Ag or Pt) is deposited on the material to
be porosified, which is then immersed in a solution with dilute HF acid and an oxidant, such as
hydrogen peroxide (H2O2). Upon exposure to the oxidant, the regions in contact with the metal
particles begin to oxidize and are subsequently etched by HF. The mechanism describing the metal
assisted chemical etch of silicon, adapted from Li et al. [120], is shown below.
At the cathode (metal):
H2O2+2 H
+ −−→ 2 H2O+2 h+,
2 H++2 e– −−→ H2 ↑ ,
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At the anode (Si region under the metal):
Si+4 h++4 HF−−→ SiF4+4 H+,
SiF4+2 HF−−→ H2SiF6,
Overall reaction:
Si+H2O2+6 HF−−→ 2 H2O+H2SiF6+H2 ↑
Several studies have been performed to use the MAC etch as an alternative method to produce
silicon nanowires [121, 122], as well as to selectively generate 3-D nanopatterns in porous silicon
by patterning the metal catalyst [123]. The etch is sensitive to the type of metal catalyst used,
doping of the material to be porosified, and relative concentration of HF and H2O2. For more
information, the reader is referred to a comprehensive review of the MAC etch process presented
by Haung et al. [124], and the work performed by Chartier et al. [125] which focuses on the impact
of etchant concentration on the morphology of porous silicon formation.
Although extensive research has been performed exploring MAC etching of crystalline silicon,
but only a single instance was found in which the MAC etch was implemented on amorphous
silicon [126]. Douani et al. porosified amorphous silicon and amorphous silicon carbide using a
HF/AgNO3 solution to produce nanowire arrays using silver as the etch catalyst [126]. Similar to
previous observations on crystalline silicon, a strong dependency on dopant concentration, dopant
type, and etchant concentration was reported. It was also found that boron doped p-type amorphous
silicon had a relatively higher etch rate, while n-type amorphous silicon was difficult to etch. In our
case, the MAC etch was implemented using 5 nm of gold as the metal catalyst and a combination
of 49% HF, 30% H2O2 and de-ionized water (1:1:4) as the etching solution. A lightly p-doped
amorphous silicon layer was employed for porosification, with a bandgap of 2 eV estimated using
SE and the Tauc method [127]. The etch resulted in the formation of a porous amorphous silicon
layer on SiO2/glass with a pillar-like structure, as predicted by Douani [126]. An etch time of
45 seconds was found to result in a 150 nm porous layer. It was observed that longer etch times did
not increase the thickness of the porous layer significantly, and instead the etch began to progress
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along weak pathways in the a-Si:H and undercut at the a-Si:H and SiO2 interface. SEM images
of a time process window performed on 500 nm a-Si:H layers for etch times equal to 1 min 30
sec, 2 min, and 2 min 30 sec are shown in Fig. 4.4. Delamination of the porous a-Si:H film often
occurred for the longest etch time as highlighted in the SEM images shown in Fig. 4.5.
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Figure 4.4: Cross-sectional SEM images of porous a-Si:H formed via MAC etch (HF:H2O2:DI =
1:1:4) for 1 min 30 sec, 2 min and 2 min 30 sec. The etch is performed on a 500 nm thick, lightly
doped a-Si:H film deposited on a silicon substrate coated with 100 nm of SiO2. Delamination
observed for the longer etch time of 2 min 30 sec is circled in red. Certain regions of the porous
a-Si:H layer which appear dislodged occurred during sample cleavage for SEM preparation.
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Figure 4.5: Cross-sectional SEM images of porous a-Si:H films formed via MAC etching
(HF:H2O2:DI = 1:1:4) for 2 min 30 sec, highlighting the delamination at the a-Si:H and SiO2
interface, circled in red, that regularly occurred for long etching times. The etch is performed on a
500 nm thick, lightly doped a-Si:H film deposited on a silicon substrate coated with 100 nm of
SiO2.
4.3.2 Amorphous silicon photovoltaic cell with a porous grating
The amorphous silicon solar cell employed in this design is in the substrate configuration, which
implies that the light does not enter the cell through the substrate, but from the opposite side, as
shown in Fig. 4.6.
Figure 4.6: Illustration of a solar cell in substrate configuration. TCO: Transparent conducting
oxide.
In the substrate configuration, the deposition of the a-Si:H cell begins with the n-type layer,
therefore these cells are often referred to as n-i-p a-Si:H cells. In comparison, typical c-Si-based
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solar cells have a p-n structure, with carriers generated mostly in the relatively thicker p-region
which then diffuse to the junction and are swept away by the electric field to be collected at the
contacts. The same structure cannot be applied to a-Si:H devices because of much shorter carrier
diffusion lengths ( ∼ 0.1 - 0.3 µm) in a-Si:H in comparison to doped c-Si (500 µm for electrons in
p-doped silicon). This short carrier diffusion length is a consequence of the high defect density in a-
Si:H, which is even higher in the case of doped a-Si:H. Consequently, any photo-carriers generated
in the p and n-layers of an a-Si:H cell are often lost due to recombination. Therefore, a-Si:H cells
are designed with very thin p and n regions, allowing for most of the absorption to take place in
the intrinsic layer. Additionally, light typically enters the structure through the p-layer to account
for the low mobility of holes in comparison to electrons. These photo-generated carriers then drift
towards the doped layers and are collected by external contacts. To further compare c-Si and a-
Si:H cells, a-Si:H cells can be made thinner because the material has a direct bandgap ranging
from 1.8-2.2 eV, resulting in a higher absorption coefficient compared to c-Si. Consequently, the
overall thickness of a typical a-Si:H cell is ∼ 0.5 µm, while a c-Si cell is typically 500 µm thick.
Therefore, an a-Si:H based device provides a lighter weight design at a lower cost [53].
As indicated in chapter 1, back reflectors play an important role in thin film solar cells, es-
pecially when the active region of the cell (i.e., the i-layer) is made quite thin (≤ 300 nm). The
addition of a back reflector in such cells significantly boosts the absorption of light by scattering it
back into the cell and increasing the possibility of carrier generation.
Many types of random textured surfaces or periodic patterns have been employed as reflectors
to improve light absorption, leading to an increase in the short circuit current in a-Si:H cells.
Some of these patterns are shown in Fig. 4.7. These designs improve the efficiency either by
implementing complex patterns via additional expensive processing steps or by performing surface
roughening using relatively cheap fabrication methods. In this work, a new cost-effective method
to fabricate a back reflector on porous amorphous silicon is utilized. The DIPS method [72] is
employed to pattern 1-D and 2-D gratings, optimized
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Figure 4.7: Surface texturing techniques used in a-Si or micro-crystalline Si solar cells. a)
Nanopyramids implemented via jet and flash imprint lithography providing 50% enhancement in
Jsc [128]. b) Swiss cheese patterned ZnO using standard photolithography resulting in 2.3%
increase in efficiency in micromorph cells [129]. c) Ag coated holes fabricated using sol-gel
giving 1.6% improvement in efficiency [62]. The percentage increase mentioned in all the cases
above were in comparison to their flat counterparts.
optimized via simulations, in porous a-Si:H, and then Ag was deposited on top of the gratings to
form a metallic back reflector. Cross-sectional SEM images of the complete a-Si:H cell with Ag-
coated porous a-Si:H and Ag-coated porous a-Si:H gratings, are shown in Fig. 4.8 and Fig. 4.10,
respectively. For ease of cleaving, which is necessary for cross-sectional imaging, all SEM images
were obtained from identical solar cells fabricated on a silicon substrate. Atomic force microscopy
images of a 2-D grating in porous a-Si:H prior to metal deposition are shown in Fig. 4.9.
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Figure 4.8: Side-view of the fabricated a-Si:H n-i-p cell on silicon with Ag on porous a-Si:H. No
grating was patterned in the porous a-Si:H film on this sample and the a-Si:H roughness is due to
the MAC etch.
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Figure 4.9: Atomic force microscopy image of a 2-D grating in porous a-Si:H, indicating a
grating height of 50 nm and an rms roughness of 13 nm. Microscopy was performed prior to
depositing Ag on the grating.
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Figure 4.10: SEM images of the top and cross-section views of the a-Si:H cell with the 500 nm
pitch porous a-Si:H grating with 60% fill fraction. The inset in the bottom image shows the side
view at a lower magnification.
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4.3.3 Back reflector grating design
The grating design was optimized in collaboration with researchers at the University of Pavia us-
ing rigorous coupled wave analysis (RCWA) simulations. In order to match the simulated structure
with fabrication as closely as possible, the simulated reflectance spectrum was compared to exper-
imental data obtained from a flat n-i-p a-Si:H cell with front and back ITO contacts deposited on
top of glass/SiO2; no porous a-Si:H or grating pattern were included. The optical constants of the
individual layers used in the simulation were obtained using spectroscopic ellipsometry (SE). The
simulated cell structure and the reflectance spectra comparison are shown in Fig. 4.11 and Fig.
4.12, respectively. Further information on the simulation methodology can be obtained in the work
performed by Liscidini et al. [130]. Application of the simulation methodology to solar cells was
demonstrated by Bozzola et al. [131].
Figure 4.11: Simulated cell structure for RCWA simulation. (Courtesy of Dr. Liscidini and Dr.
Bozzola, University of Pavia)
For simulation of the complete cell with the grating back reflector, the absorption in the intrinsic
layer was maximized by varying the following parameters: grating height (h), ITO fill fraction
(b/Λ), and grating preiod (Λ). The same parameters are highlighted in Fig. 4.11.
The simulation assumes a semi-infinite silver substrate with a grating pattern on top. In other
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words, it ignores all the layers underneath the metal layer since all light incident on the metal layer
will be either reflected from or absorbed by the metal film. The layers underneath the metal serve
only to create the grating pattern. To simplify the calculation, the simulation of the complete cell
with grating also assumes that the n-i-p layers along with the contact layers are perfectly flat, unlike
the fabricated device (Fig. 4.10), which leads to a conservative estimate in absorption, because it
does not account for any light that is scattered due to roughness from the underlying porous layer.
From Fig. 4.12, a reasonable match between experiment and simulated reflectance spectra was
obtained for energies less than 2.4 eV, which is sufficient for simulation because any enhancement
from incorporation of a back reflector is mostly expected from 1.8 eV to 2.2 eV.
Figure 4.12: Comparison of reflectance spectra between experiment and simulation of the n-i-p
a-Si:H cell on glass/SiO2. The structures compared here are flat cells and do not include the
porous a-Si:H grating. (Courtesy of Dr. Liscidini and Dr. Bozzola, University of Pavia)
After design optimization, a 1-D grating with a period Λ of 500 nm, ITO fraction b/Λ of 60%
and a grating height of 60 nm was found to provide a conservative estimate of 16% increase in short
circuit current with reference to a cell with a flat metal back reflector. The estimated enhancement
in absorption is shown in Fig. 4.13.
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Figure 4.13: Simulated absorption enhancement obtained in an a-Si:H cell that includes a 1-D
silver grating with grating height of 60 nm, 500 nm period and ITO fraction of 60%. (Courtesy of
Dr. Liscidini and Dr. Bozzola, University of Pavia)
4.3.4 Indium tin oxide process optimization
The front and back contacts of a solar cell are very crucial for effective carrier collection. Among
the transparent conducting oxides, indium tin oxide (ITO) has been a popular choice as a trans-
parent electrode, particularly for solar cells, due to its relatively high conductivity (10−4 Ω-cm)
and optical transmission (∼ 80% in the visible spectrum) [132–134]. Some of the well researched
methods for ITO deposition are as follows: sputter deposition [135, 136], chemical vapor deposi-
tion [137], and pulsed laser deposition [138]. For this work, an RF sputter deposition technique
was adopted using a 90% In2O3 and 10% SnO2 target.
The recipe was developed by designing a process window varying pressure and percent oxygen,
while maintaining constant power and temperature of 100 W and 200 °C, respectively. All ITO
films were deposited to an approximate thickness of 70 nm on glass substrates. The best results in
terms of resistivity and transmission of the ITO film were obtained for a processing pressure of 2
mT and 1% oxygen dilution. With these two conditions fixed, the temperature and power during
ITO deposition were then optimized. Recipe details of selected samples are shown in Table 4.1.
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Table 4.1
ITO deposition parameters for selected samples
Sample ID Temperature(°C) Power (W) Pressure (mT) % Oxygen
09-22-2 200 100 2 1%
09-24-2 25 100 2 1%
09-25-1 25 200 2 1%
09-24-1 200 125 2 1%
All ITO films were characterized by measuring resistivity with a four-point probe, transmis-
sion with a spectrophotometer, and optical constants with SE. From the SE measurements, shown
in Fig 4.14, the conditions for sample 09-22-2 resulted in the most optimum ITO film with in-
creased absorption (k value) at long wavelengths indicating carrier generation. Four-point probe
measurement of the same film resulted in a low resistivity of 6.7x10−4 Ω-cm. Additionally, trans-
mission measurement of sample 09-22-2, shown in Fig. 4.15, resulted in values greater than 76%
over the visible spectrum.
Figure 4.14: SE measurement of ITO films deposited under conditions mentioned in Table 4.1.
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Figure 4.15: Transmission measurement of ITO sample 09-22-2 on glass deposited at 100 W,
200 °C, 2 mT, and 1% O2.
Overall, it was noted that lower pressures and an oxygen dilution of 1% provided more conduc-
tive films. Oxygen dilution between 0% and 1% could not be explored due to tool limitations, but
could lead to higher conductivity values. Performing the deposition at room temperature (sample
09-24-2), resulted in no significant change in resistivity, but lower k values at longer wavelengths
were observed in the SE measurement (Fig. 4.14), which indicated lower absorption in the film
due to carrier generation. Therefore, the bottom contact was deposited with the optimized param-
eters at 200°C while the top contact was deposited at a slightly lower temperature of 175 °C, to
prevent any impact on the a-Si:H active layers. Exposure to high temperatures ∼ 250 °C can po-
tentially reduce the hydrogen content of existing a-Si:H layers in the cell resulting in lowering of
the bandgap, and thus impacting the functioning of the solar cell significantly [52]. Incorporation
of the optimized ITO layers in the solar cell resulted in a low series resistance of ∼ 300-500 Ω.
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4.3.5 I-V curves for the n-i-p a-Si:H cell with the grating
I-V measurements were performed on a-Si:H n-i-p solar cells fabricated on top of two-dimensional
silver covered porous a-Si:H gratings with the optimized 500 nm pitch and fill fraction of 60%.
Two-dimensional gratings, although more challenging to simulate, will lead to improved device
performance compared to one-dimensional gratings, and were hence used in the experiment. The
performance of the cells were compared to an identical cell fabricated on a flat silver back reflector.
Definitions of parameters obtained from the I-V measurement are mentioned in Appendix A. A
28% enhancement in Jsc with an overall 30% increase in efficiency was observed in the a-Si:H cell
with the porous grating in comparison to the flat reference cell. The calculated enhancement was
an average value measured across four best cells on each sample. Typical I-V characteristics of
one of the measured cells along with the flat reference cell is shown in Fig. 4.16. The enhancement
obtained experimentally was greater than that predicted by simulation because the simulation did
not account for absorption arising from the rough texture of the porous a-Si:H substrate. From
the side-view images of the cell (Fig. 4.10), it can be seen that the layers conform to the shape of
the grating and roughness from the porous a-Si:H layer transfers through the structure to the top
ITO layer. The grating and the roughness both contribute to scattering of light in the structure,
leading to enhanced absorption and an increase in Jsc, while Voc and FF remained unchanged. A
large change in Voc or Jsc is usually accompanied by an increase in FF, but for the presented results
the increase was not high enough to impact the FF. Moreover, since the reference cell and the cell
with the porous a-Si:H grating were collocated during fabrication of the contacts and n-i-p layers,
no change in series resistance, shunt resistance and Voc values between the cells was observed.
Variations in series and shunt resistance of the measured device are indicated by the slopes of the
I-V curve in the fourth and the first quadrant, respectively, and an ideal cell has low series and
high shunt resistance. These resistance values typically effect Voc, Jsc and FF of a device. Voc is
a measure of the device built in voltage which is characterized by the morphology of silicon used
(amorphous or crystalline, hydrogen content in a-Si:H, defect density) and the factors affecting the
electric field across the intrinsic layer such as doping and thickness of the n, i, p layers.
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A series of I-V measurements on cells with different grating parameters and cells with only a-
Si:H without an imprinted grating revealed little dependence of Jsc on the presence of the grating,
suggesting that roughness due to the MAC etch dominates the grating effect and further optimiza-
tion of the grating design and processing conditions are necessary to achieve further improved solar
cell performance. However, this design does demonstrate that gratings implemented via DIPS are
possible in porous a-Si:H media and an optimized reflector design could take advantage of both
random and patterned textures.
Figure 4.16: I-V characteristics obtained from the flat back reflector reference cell and the a-Si:H
n-i-p cell with the metal on porous a-Si:H grating. A 28% increase in Jsc is observed due to the
addition of the porous layer.
4.3.6 4-MeV proton irradiation of a-Si:H solar cell with metal on porous a-Si:H grating
The fabricated a-Si:H solar cells with metal covered porous a-Si:H gratings were exposed to 4-
MeV proton radiation for a duration of 45 min and a fluence of 1013 cm−2. In previous irradiation
studies performed by Kuendig et al., the authors expose single junction n-i-p a-Si:H cells fabri-
cated on three different substrates to protons with ≤ 4 MeV energy and a fluence of 1013 cm−2.
The studies resulted in excellent radiation hardness exhibited by single junction a-Si:H solar cells
[139]. Similar work performed by researchers at Delft University evaluated the irradiation induced
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degradation of single junction a-Si:H cells as a function of the active layer thickness, and concluded
that no degradation was observed for active layer thicknesses of 150-300 nm and a fluence of 1013
cm−2 [140]. Additionally, their work also showed that devices with relatively thin active layers are
less prone to degradation. However, exposure to higher energy protons (65-MeV) or higher flu-
ences does result in some degradation, which can be recovered via annealing. The relevant results
obtained by Klaver et al. exploring degradation of solar cell parameters of single junction a-Si:H
cells upon exposure to 1-MeV and 65-MeV protons are shown in Fig. 4.17 [140].
Figure 4.17: Solar cell parameters as a function of 1-MeV and 65-MeV proton fluence for a-Si:H
cells with different intrinsic layer thickness. Note that barely any degradation is seen at 1013
cm−2 fluence of 1-MeV protons and the degradation is less for thinner i-layers [140].
Consistent with these previous findings, radiation exposure of a-Si:H cells fabricated in this
study did not show any deterioration in open circuit voltage (Voc), short circuit current (Jsc), fill
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factor (FF) or efficiency. This result was obtained by measuring two cells on the same sample pre
and post irradiation. The pre and post irradiation I-V characteristics obtained for one of the cells
are shown in Fig. 4.18. Additional studies conducted at higher proton energies and fluence values
could indicate some radiation-induced degradation in cell performance, which could potentially be
recovered by annealing [139].
Figure 4.18: I-V characteristics of a-Si:H n-i-p solar cells measured pre and post irradiation with
4-MeV protons for a fluence of 1013 cm−2. No performance degradation was observed.
4.4 Summary
In this chapter, irradiation studies were extended to a novel amorphous silicon based solar cell
fabricated on a porous a-Si:H substrate. Metal assisted chemical etching was implemented on p-
doped amorphous silicon on glass to form a pillar-like rough, porous surface, which was used as a
platform to fabricate gratings via a simple and inexpensive method called DIPS (direct imprinting
of porous substrates). In this method, a silicon stamp with the desired pattern is fabricated, which is
then pressed into the porous layer for pattern transfer. Silver was deposited on top of the patterned
porous amorphous silicon to form a metallic grating. Fabrication of 1-D and 2-D gratings was
demonstrated on the porous a-Si:H layer, which were designed to function as back reflectors for
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very thin a-Si:H solar cells with a 180 nm thick active layer. The gratings were designed via RCWA
simulations performed in collaboration with M. Liscidini and A. Bozzola at the University of Pavia.
The design was optimized to maximize absorption in the i-layer of the cell on a 1-D grating and a
conservative enhancement of 16% in absorption was estimated. Experimentally, n-i-p a-Si:H cells
were successfully fabricated on top of 2-D grating and a 28% increase in short circuit current was
measured in comparison to a cell with a flat silver back reflector. The discrepancy between the
simulation and experiment is primarily attributed to the fact that roughness from the porous a-Si:H
layer was not accounted for in the simulation. The metal covered rough porous a-Si:H layer, along
with the grating, function as a medium that scatters light back into the cell, thus increasing the
probability for light to be absorbed in the active region of the cell. Comparison between cells with
the porous a-Si:H layer with and without the grating revealed that most of the scattering effect was
due to the roughness from the underlying porous layer and the grating by itself did not contribute
significantly to the observed absorption enhancement. This work demonstrates that metal assisted
etching and DIPS can be successfully implemented on a-Si:H in conjunction with a solar cell,
providing an inexpensive means to fabricate complex back reflector patterns. Further optimization
of both the grating design and the fabrication method could enhance the cell performance even
further by taking advantage of the roughened back reflector. The methodology used in this work
is versatile enough to be implemented on any substrate compatible with a-Si:H processing and
capable of withstanding temperatures upto 250 °C, which opens up possibilities of integration
with flexible substrates. Lastly, a-Si:H solar cells with the porous gratings were exposed to 4-MeV
protons with a fluence of 1013 cm−2 over a duration of 45 min and no degradation in performance
was observed.
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CHAPTER 5
CONCLUSION
5.1 Summary
Prior to this dissertation, radiation effects studies have primarily focused on device level character-
ization of silicon or other semiconductor based components, attempting to ascertain their electrical
performance in high energy radiation environments. The presented work in Chapter 2 extends
radiation effects to material characterization focusing on the influence of high energy radiation,
particularly 10-keV x-rays and 662-keV gamma rays, on the surface of silicon without passivation.
Analytical techniques were used, such as x-ray photoelectron spectroscopy (XPS), spectroscopic
ellipsometry (SE) and atomic force microscopy (AFM), which confirmed the accelerated growth
of native oxide on irradiated silicon. Additionally, it was found that the composition of irradia-
tion induced oxide grown was similar to traditional native oxide occuring on the silicon surface
when exposed to air, and the oxide composition did not vary with radiation dose or dose rate. The
irradiation induced oxidation rate was studied as a function of total ionizing dose and dose rate,
and was found to be related to both parameters. Oxide continued to grow on the silicon surface
during the irradiation and gradually saturated as the thickness approached the native oxide limit.
Therefore, it can be concluded that the radiation itself, under room temperature conditions, does
not impart enough energy for oxidation to continue beyond the native oxide thickness limit. Sam-
ples that were heated to 200 °C during irradiation, surpassed the native oxide thickness limit and
resulted in oxide growth beyond 3 nm. The irradiation induced enhanced oxidation phenomenon
was attributed to a photon-assisted oxidation mechanism, in addition to the creation of highly reac-
tive oxidizing species in the ambient air due to the incident radiation. Gas analyzer measurements
revealed the presence of ozone in the radiation beam, in turn confirming the occurrence of these
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reactive species in the ambient. It was also observed that the amount of ozone generated was a
linear function of radiation dose rate, which had implications for other materials exposed to high
energy radiation environments and have experienced irradiation induced oxidation.
To correlate the oxidation behavior with incident radiation, an empirical thin oxide growth
model was investigated. At first, a model based on the Elovich equation describing room tempera-
ture oxide growth [99] was explored. It was found that although the model provided a reasonable
fit to experimental data, a predictive model that explained the dependence of oxidation rate to ra-
diation dose rate could not be formulated. Assuming that irradiation imparts energy to the silicon
system, similar to that observed in the case of high temperature oxide growth, another thin ox-
ide growth model proposed by Massoud et al. [103], which is applicable at high temperatures,
was considered. The empirical model, thus developed, not only fit the experimentally obtained
oxide growth data, but also provided a correlation between radiation dose rate and oxidation rate,
therefore resulting in an empirically derived predictive model. Similar oxide growth behavior was
observed when silicon was exposed to gamma rays, thus confirming that ionizing radiation results
in enhanced oxidation on unpassivated silicon surfaces, which can be quantified using an empirical
model.
The inevitable integration of optics with microelectronics highlights the importance of evalu-
ating the performance of not only the electronic components but also their optical counterparts,
upon exposure to high energy radiation environments. In chapter 3, we extend the radiation ef-
fects study to a surface-sensitive, silicon photonic component, a ring resonator. The transmission
response of a silicon ring resonator was measured as a function of surface passivation upon ex-
posure to high energy radiation, specifically 10-keV x-rays and 662-keV gamma rays. In both
cases, x-rays and gamma rays, unpassivated ring resonators exhibited a blue shift in resonance
wavelength concomitant to the total radiation dose, while the transmission response of passivated
rings remained immune to radiation. The main difference in transmission response between x-ray
and gamma ray exposure was a larger blue shift obtained for gamma rays for the same total dose.
This larger shift is attributed in part to the lower dose rate used in the case of gamma rays, which
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required a longer sample exposure time and thus longer time for further oxide growth. The re-
sponse of passivated and unpassivated rings was explained based on our previous findings related
to irradiation induced oxidation of bare silicon. The blue shift in the transmission response was
an indication of the extent of oxide growth on the silicon ring, which in turn was a function of
the incident radiation; therefore, larger shifts were observed for higher total doses. In the case of
passivated rings, the response was immune to irradiation as the oxide present on the ring is already
saturated and radiation alone was not capable of inducing further oxidation.
In chapter 4, the performance of a more complex electro-optical device, an amorphous silicon
solar cell, was evaluated upon exposure to ionizing radiation. The amorphous silicon solar cell is
fabricated on a novel platform based on porous amorphous silicon which is imprinted with gratings
that function as a back reflector. The porous amorphous silicon layer was implemented on glass
using a metal assisted chemical etch, to result in a rough pillar-liked structure, which was imprinted
with 1-D and 2-D grating designs. The gratings were then coated with silver to form metallic back
reflectors, upon which the solar cell was deposited. ITO, used as front and back contact, was
deposited using RF sputter deposition and the recipe was optimized for high transmission and low
resistivity. The optimized recipe resulted in a 60 nm ITO layer with a resistivity of 6.7x10−4 Ω-
cm and greater than 76% transmission in the visible range. The temperature for all processes is
kept below 250 °C in order to reduce any impact on the active layers of the amorphous silicon
solar cell. IV measurements of cells with the 500 nm grating resulted in a 28% enhancement in
short circuit current in reference to a cell with a flat metallic (Ag) back reflector. This increase
in performance is attributed primarily to the scattering of light due to an underlying rough porous
layer in addition to the grating. Upon individually evaluating the porous layer and the porous
grating, it was concluded that the roughness contributed to most of the enhancement, while the
grating played a minor role. Further optimization of the grating design and better fabrication could
result in even greater absorption enhancement in a 180 nm a-Si:H solar cell. The design is kept
versatile to be compatible with different substrates capable of withstanding temperatures up to 250
°C.
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The a-Si:H solar cell with the metal covered porous grating was then exposed to 4-MeV protons
for a fluence of 1013 cm−2. No measurable effect of irradiation was observed which is consistent
with existing degradation studies performed using similar proton energies and fluence [139]. Ad-
ditionally, the use of a 180 nm thin active layer makes the cell design more robust to high energy
radiation [140].
5.2 Future work
5.2.1 Influence of high energy radiation on silicon
The presented studies on irradiation of the silicon surface were confined mostly to 10-keV x-rays,
with some experiments performed with 662-keV gamma rays. A more thorough analysis could be
performed encompassing other ionizing radiation sources such as high energy protons or electrons.
In situ ellipsometry measurements would also greatly increase the understanding of irradiation
induced oxide growth on silicon by providing real time data, allowing to track oxide growth more
closely and determine dose and dose rate dependencies.
The irradiation studies also revealed that the irradiation induced oxide growth on silicon was
limited to the native oxide thickness of ∼ 2 nm. Application of high temperatures during irradi-
ation indicated that the limit could be surpassed and thicker oxides could be grown. Further high
temperature studies along with exploration of other ways to enhance oxidation of silicon, could
result in a simple surface sensitive color-based dosimeter.
The thin oxide growth model could be further refined to include data from high temperature
irradiation and exposure to other ionizing radiation sources, possibly providing further insight into
the mechanism behind oxidation.
5.2.2 Radiation effects on silicon based ring resonator
Similar to the previous study on bare silicon, irradiation of the ring resonators was limited to
10-keV x-rays and 662-keV gamma rays. Further exposure to other gamma-ray doses as well
as ionizing particle radiation could render the ring resonator more robust to all kinds of ionizing
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radiation. Additionally, the minimum radiation dose necessary to cause a greater than 3 dB change
in resonance needs to be quantified and more data is required to determine the sensitivity of the
ring resonator in terms of resonance shift per rad of ionizing radiation.
Methods to enhance oxidation of the silicon surface could also be applied to the ring resonator,
making it more sensitive to radiation and capable of functioning as a reusable optical dosimeter,
with a removable passivation layer.
5.2.3 Fabrication of a-Si:H photovoltaic cell with a metal covered porous a-Si:H grating and
evaluation of its performance under high energy radiation
Although, we have demonstrated 30% increase in efficiency by the implementation of a rough
metallic grating as a back reflector in an n-i-p a-Si:H solar cell, we believe that most of the en-
hancement was obtained from the rough texture rather than the grating design. Further optimiza-
tion of the grating along with the fabrication technique is necessary to evaluate the benefits of a
patterned back reflector in the rough porous a-Si:H substrate. One solution leading to better grat-
ings, is to modify the MAC etch on a-Si:H to result in finer grass-like structure by varying the
amounts of gold deposition prior to the MAC etch, or experimentation with other metals such as
silver. A mesh-like porous structure would be most ideal for efficient pattern transfer. The MAC
etch also behaves differently based on the time between a-Si:H/gold deposition and actual etching.
If the processes are performed sequentially, the etch does not result in a very porous structure, but
with a gap of a day or two, a very porous a-Si:H layer is obtained. This difference in behavior
is attributed to the hygroscopic nature of a-Si:H, which upon exposure to air for longer periods of
time absorbs moisture that influences the etch rate. More experimentation is required to understand
the exact mechanism behind this behavior.
While performing DIPS, the porous layer was often scratched during stamp placement. A
technique to precisely place the stamp without scratching or deforming the porous layer underneath
would reduce damage to the porous layer. Also, it was found that cleanliness during DIPS is of
utmost importance if an electrical device is to be implemented on top of the substrate, because lose
93
particles adhering to the layer could act as sites for pin hole formation. Therefore it is suggested
that DIPS be performed in a cleanroom environment, if possible. The samples and the stamp were
rinsed multiple times during the imprintation process in order to keep debris from being impressed
into the porous layer. It was also found that uniform imprintation of the grating was not only a
function of the pressure applied and stamp size, but also the position of the imprintation, with
those in the center of the sample being more uniform. This variation in pattern transfer could be
due to the sample contorting differently based on pressure applied in the center versus the edge.
The p-i-n layers for the solar cell could be further optimized to result in a more efficient solar
cell. Such a cell would greatly benefit from a rough metal grating underneath that would boost the
absorption and, consequently, the short circuit current of the device. Blazed gratings or other more
complicated photonic structures could be fabricated using DIPS, making it easy to evauate their
influence as back reflectors on the performance of solar cells. The porous a-Si:H matrix could also
be infused with quantum dots or nanoparticles to act as better reflectors or explore the possibility
of plasmonics. Finally, since all fabrication processes for a-Si:H solar cells with imprinted porous
a-Si gratings are compatible with fabrication on flexible substrates, future work could investigate
process optimizations and performance evaluation of these solar cells on various flexible substrates.
Irradiation study of the a-Si:H cell with porous grating was limited to 4-MeV protons and
a fluence of 1013 cm−2. Futher studies could be performed experimenting with higher energy
protons, electrons and higher fluence values. Upon degradation, the possibility of performance
recovery could be explored via annealing at different temperatures.
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APPENDIX A
DEFINITIONS
A.1 Radiation units
Radiation is measured in terms of the amount of energy absorbed by a particular material eg. SiO2
or in terms of damage caused to a material or biological tissue by the incident energy.
The units of radiation commonly used are given in the Table A.1 [141, 142].
Table A.1
Units of radiation
Quantity Unit Year System Equivalent
Absorbed Dose
Rad (radiation
absorbed dose)
1953 non-SI 1 rad = 100
erg/gram
Gray (Gy = J/Kg) 1974 SI 1 Gy = 100 rad
Dose Equivalent
rem (ro¨ntgen
equivalent man)
1971 non-SI
100 erg/gram; 1
rem = rad x
(quality factor) a
sievert (Sv) 1977 SI
J/Kg; 1 Sv = 100
rem; Sv = Gy x
(quality factor)
aThe value for quality factor is based on the type of radiation. (1 for beta, x-ray and gamma radiation, 2 for protons,
20 for alpha radiation, and 10 for neutrons)
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A.2 Solar cell parameters
The parameters obtained from the I-V measurement, shown in Fig. A.1, are defined as follows:
Short circuit current Isc is the current measured across the solar cell when the voltage is zero or
under short circuit conditions. This value may also be represented in terms of short circuit current
density, Jsc measured in mA/cm2.
Open circuit voltage Voc is the voltage across the solar cell when no current is flowing through
the cell or under open circuit conditions.
Vmax and Imax are the voltage and current values obtained at the maximum power point on the
IV curve.
Figure A.1: Typical I-V measurement of a solar cell highlighting Isc, Voc, Imax and Vmax values,
including the area indicating the fill factor (FF).
Fill Factor (FF) is an indication of the squareness of the I-V curve represented as a percentage
and is given by Eqn. A.1.
%FF = (VmaxImax)/(VocIsc) x 100 (A.1)
96
The quantum efficiency of a solar cell, which indicates the efficiency of the cell to convert
photons to electrons, can be expressed in two ways. The external quantum efficiency (EQE) is the
ratio of the number of charge carriers collected to the number of photons of a certain wavelength
incident on the solar cell. Therefore, it accounts for the total photon to carrier conversion loss,
as well as the loss in carriers due to recombination and inefficient collection. It provides the total
overall efficiency of the device.
The internal quantum efficiency (IQE) is the ratio of the number of charge carriers collected to
the number of absorbed photons of a certain wavelength incident on the solar cell. Thus, it only
considers the photons that are absorbed and ignores any loss in photon absorption. IQE provides a
higher estimate of efficiency compared to the external quantum efficiency and is indicative of the
collection efficiency of the cell. Losses such as carrier loss due to recombination or high series
resistance impact the values of IQE.
The values reported in this thesis are all EQE values and are given by Eqn. A.2.
%EQE = Pout/Pin = (VmaxImax)/(Light intensity (W/cm2) x cell area) x 100 (A.2)
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APPENDIX B
METAL-ASSISTED CHEMICAL ETCHING OF AMORPHOUS SILICON
B.1 MAC etch mechanism and process window
Etch rate in the MAC etch is primarily controlled by the ratio of HF, H2O2 and the solvent in the
solution, the solvent being either ethanol or DI water. Increase in HF or H2O2 both result in higher
etch rate but they impact the morphology of the pores formed differently. Also, if ethanol is used
as a solvent, the solution tends to get more concentrated over time as ethanol evaporates, so that
needs to be accounted for if the solution is made and stored for long durations of time. For this
work, DI water was used as a solvent and the etch solution was reused up to 10 times on different
samples.
Etch time controls the depth of the pores, but longer exposure to the etch solution can lead
to channel formation through the film and result in delamination, especially if the a-Si:H layer is
thin. A limit exists on the thickness of the porous layer formed and is determined by the etch rate
of the solution, nature of a-Si:H being porosified and the thickness of the layer. a-Si:H film with
smaller grain size has a higher probability for channel formation/delamination compared to a film
with larger grains.
The metal used as a catalyst for the MAC etch also impacts the etch rate, with thicker metal
resulting in faster etch rate. Consequently, the etch rate can be high enough to polish the surface
with no pore formation. A very thin layer of metal (∼ 5 nm) is sufficient for pore formation using
the MAC etch. It is important to form a discontinuous layer which forms small islands of metal on
the surface. The size of these metal islands determine the size of the pores in the etch. Additionally,
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the nature of the metal deposited (Ag, Pt or Au) also impacts the etch and the morphology of the
pores formed. Several studies have explored the implementation of MAC etch to form porous
silicon or silicon nanowires on crystalline and poly-crystalline silicon [122–125, 143–148].
As a part of the etch process development, 500 nm thick a-Si:H films with 5 nm Au on top were
deposited on silicon. A silicon substrate was preferred over glass, as it is easy to cleave for cross
sectional SEM imaging. A layer of SiO2 was deposited prior to a-Si:H which improved adhesion
of a-Si:H to the silicon substrate and, also helped clearly distinguish between a-Si:H and the silicon
substrate during SEM. The parameter ρ%, defined as per Eqn. B.1, was varied from 20% to 80%.
All samples were etched for a duration of 1 min 15 sec, after which DIPS was attempted on the
etched surface. A portion of the sample was also cleaved for cross sectional SEM imaging.
ρ% = ([HF ]/([HF ]+ [H2O2])) x 100% (B.1)
It was found that a high ρ% of 80% resulted in dense, spike-like hard structure which was
difficult to imprint, while at low ρ% values of 20% the surface of a-Si:H was covered with sparse
short stumps. At a ρ% value equal to 50% the a-Si:H surface was covered with grass-like structure
which was soft enough for imprintation. The results of the process window are summarized in the
Fig. B.1. Lastly, a dependency on the time between a-Si:H/metal deposition and the MAC etch
was observed. If the etch is performed immediately after the deposition, the etch does not result
in a very porous surface. On the other hand, if the etch is performed after a time gap of a day or
two, the etch results in a porous substrate capable of being imprinted. It is hypothesized that this
difference in behavior is due to the hygroscopic nature of a-Si:H, which absorbs moisture upon
exposure to air and impacts the nature of the MAC etch. Further work is necessary to understand
the influence of moisture on the porosification of a-Si:H.
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Figure B.1: MAC etch process window performed on a-Si:H film varying ρ% from 20% to 80%.
A ρ% of 50% resulted in grass-like structure suitable for DIPS.
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APPENDIX C
SOLAR CELL FABRICATION RECIPES
C.1 Adhesion layer - Silicon dioxide
Plasma enhanced chemical vapor deposition
Name of recipe on tool : SiO2-RF
Recipe details:
780 mT, ICP power 75 W, 250 °C, N2O 160 sccm, 10% SiH4/He 10 sccm, 340 sec results in
100 nm thick film
Deposition rate of 0.353 nm/sec was obtained based on ellipsometry thickness estimate.
C.2 p-doped a-Si:H layer for MAC etch
Plasma enhanced chemical vapor deposition
Recipe details:
800 mT, ICP power 35 W, 200 °C, H2 30 sccm, 10% SiH4/He 30 sccm, 2% TMB/H2 2 sccm
(actual), 2320 sec results in 300 nm thick film
Bandgap from Tauc analysis : 2.08 eV (Cody-Lorentz nk fit); 2.1 eV (Tauc-Lorentz nk fit)
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C.3 Indium tin oxide - front and back contact
RF sputter deposition in the Angstrom tool using a 90% In2O3 and 10% SnO2 target
Recipe details:
Back contact:
Constant power of 100 W (33.8%), 200 °C, 1% Oxygen in Argon (20 mT of Ar and 0.2 mT of O2),
60 nm
Dep rate : 0.75-0.85 A˚/sec
Characterization was performed via ellipsometry to determine the optical constants of the ITO
layer. An uptick in k values for longer wavelengths due to increased absorption from carrier gen-
eration is indicative of a conductive film.
A low % of oxygen (1% or lower) in the plasma results in a more conductive ITO film than no
oxygen or higher amount of oxygen. Exploration between 0 and 1% oxygen was not possible due
to limitations of the tool, but an optimum point might exist in between.
Front contact: Same recipe as above except the temperature is lowered to 175 °C. A lower temper-
ature for the top contact was preferred in order to reduce influence of temperature on the a-Si:H
device layers, which typically begin to crystallize at temperatures close to 250 °C.
102
BIBLIOGRAPHY
[1] E. H. Snow, A. S. Grove, and D. J. Fitzgerald. Effects of ionizing radiation on oxidized
silicon surfaces and planar devices. Proc. IEEE, 55(7):1168–1185, 1967.
[2] W. Shedd, B. Buchanan, and R. Dolan. Radiation effects on junction field effect transistors.
IEEE Trans. Nucl. Sci., 16(6):87–95, 1969.
[3] S. N. Ahmed. Physics and Engineering of Radiation Detection. Academic Press, 2007.
[4] Radiation all around us. http://www.nrc.gov/about-nrc/radiation/
rad-around-us.html. Accessed: 2015-01-06.
[5] Safety of nuclear power reactors. http://www.
world-nuclear.org/info/Safety-and-Security/Safety-of-Plants/
Safety-of-Nuclear-Power-Reactors/. Accessed: 2015-01-06.
[6] L. S. Novikov, V. N. Mileev, E. N. Voronina, L. I. Galanina, A. A. Makletsov, and V. V.
Sinolits. Radiation effects on spacecraft materials. J. Synch. Investig., 3(2):199–214, April
2009.
[7] E.G. Stassinopoulos and J. P. Raymond. The space radiation environment for electronics.
Proc. IEEE, 76(11):1423–1442, November 1988.
[8] W. Friedberg and K. Copeland. Ionizing radiation in earth’s atmosphere and in space near
earth. Technical Report DOT/FAA/AM-11/9, Federal Aviation Administration, Oklahoma
City, OK 73125, May 2011.
103
[9] R. H. Maurer, M. E. Fraeman, M. N. Martin, and D. R. Roth. Harsh environments: Space
radiation environment, effects and mitigation. Johns Hopkins APL technical digest, 28(1):
17–29, 2008.
[10] R. L. Murray. Nuclear Energy : An Introduction to the Concepts, Systems, and Applications
of Nuclear Processes. Butterworth-Heinemann, 2001.
[11] G. R. Choppin, J. Liljenzin, and J. Rydberg. Chapter 6 - absorption of nuclear radiation. In
Radiochemistry and nuclear chemistry, pages 123 – 165. Butterworth-Heinemann, Woburn,
third edition edition, 2002.
[12] P. Rinard. Neutron interactions with matter. in passive nondestructive assay of nuclear ma-
terials. Technical Report NUREG/CR-5550, Nuclear Regulatory Commission, 1991.
[13] A. Bouhaddane, V. Slugenˇ, S. Sojak, J. Veternı´kova´, M. Petriska, and I. Bartosˇova´. Investi-
gation of materials for fusion power reactors. Journal of Physics: Conference Series, 516:
012024, 2014.
[14] R. A. Knief. Nuclear energy technology: theory and practice of commercial nuclear power.
McGraw-Hill, 1981.
[15] G. C. Messenger and M. S. Ash. The effects of radiation on electronic systems. Van Nostrand
Reinhold Company, New York, 1986.
[16] J.R. Srour, C.J. Marshall, and P.W. Marshall. Review of displacement damage effects in
silicon devices. IEEE Trans. Nucl. Sci., 50(3):653–670, June 2003.
[17] J.R. Srour and J.W. Palko. Displacement damage effects in irradiated semiconductor de-
vices. IEEE Trans. Nucl. Sci., 60(3):1740–1766, 2013.
104
[18] G. C. Messenger. A summary review of displacement damage from high energy radiation in
silicon semiconductors and semiconductor devices. IEEE Trans. Nucl. Sci., 39(3):468–473,
1992.
[19] W. E. Johnson and K. Lark-Horovitz. Neutron irradiated semiconductors. Phys. Rev., 76:
442, 1949.
[20] D.M. Fleetwood. Total ionizing dose effects in MOS and low-dose-rate-sensitive linear-
bipolar devices. IEEE Trans. Nucl. Sci., 60(3):1706–1730, June 2013.
[21] H. Spieler. Introduction to radiation-resistant semiconductor devices and circuits. In AIP
Conference Proceedings, volume 390, pages 23–49. AIP Publishing, 1997.
[22] A. H. Johnston. Radiation effects in optoelectronic devices. IEEE Trans. Nucl. Sci., 60(3):
2054–2073, June 2013.
[23] G. P. Summers, E. A. Burke, P. Shapiro, S. R. Messenger, and R. J. Walters. Damage
correlations in semiconductors exposed to gamma, electron and proton radiations. IEEE
Trans. Nucl. Sci., 40(6):1372–1379, December 1993.
[24] R. H. West and S. Dowling. Effects related to dose deposition profiles in integrated optics
structures. IEEE Trans. Nucl. Sci., 43(3):1044–1049, June 1996.
[25] S. Girard, J. Baggio, and J. Bisutti. 14-MeV neutron, gamma-ray, and pulsed x-ray radiation-
induced effects on multimode silica-based optical fibers. IEEE Trans. Nucl. Sci., 53(6):
3750–3757, December 2006.
[26] F. Berghmans, B. Brichard, A. F. Fernandez, A. Gusarov, M. V. Uffelen, and S. Girard. An
introduction to radiation effects on optical components and fiber optic sensors. In Wojtek J.
Bock, Israel Gannot, and Stoyan Tanev, editors, Optical Waveguide Sensing and Imaging,
pages 127–165. Springer Netherlands, January 2008.
105
[27] M. Borselli, T. J. Johnson, and O. Painter. Measuring the role of surface chemistry in silicon
microphotonics. Appl. Phys. Lett., 88(13):131114, 2006.
[28] S. Bhandaru, E. X. Zhang, D. M. Fleetwood, R. A. Reed, R. A. Weller, R. R. Harl, B. R.
Rogers, and S. M. Weiss. Accelerated oxidation of silicon due to x-ray irradiation. IEEE
Trans. Nucl. Sci., 59(4):781–785, August 2012.
[29] W. Bogaerts, P. De Heyn, T. Van Vaerenbergh, K. De Vos, S. K. Selvaraja, T. Claes, P. Du-
mon, P. Bienstman, D. Van Thourhout, and R. Baets. Silicon microring resonators. Laser &
Photon. Rev., 6(1):47–73, January 2012.
[30] F. Y. Gardes, A. Brimont, P. Sanchis, G. Rasigade, D. Marris-Morini, L. O’Faolain, F. Dong,
J. M. Fedeli, P. Dumon, L. Vivien, T. F. Krauss, G. T. Reed, and J. Martı´. High-speed
modulation of a compact silicon ring resonator based on a reverse-biased pn diode. Opt.
Express, 17(24):21986–21991, November 2009.
[31] J. D. Ryckman, K. A. Hallman, R. E. Marvel, R. F. Haglund, and S. M. Weiss. Ultra-
compact silicon photonic devices reconfigured by an optically induced semiconductor-to-
metal transition. Opt. Express, 21(9):10753–10763, May 2013.
[32] Q. Xu, S. Manipatruni, B. Schmidt, J. Shakya, and M. Lipson. 12.5 Gbit/s carrier-injection-
based silicon micro-ring silicon modulators. Opt. Express, 15(2):430–436, January 2007.
[33] S. Hu, Y. Zhao, K. Qin, S. T. Retterer, I. I. Kravchenko, and S. M. Weiss. Enhancing
the sensitivity of label-free silicon photonic biosensors through increased probe molecule
density. ACS Photonics, 1(7):590–597, June 2014.
[34] K. De Vos, I. Bartolozzi, E. Schacht, P. Bienstman, and R. Baets. Silicon-on-insulator
microring resonator for sensitive and label-free biosensing. Opt. Express, 15(12):7610–
7615, June 2007.
106
[35] A. Griffith, J. Cardenas, C. B. Poitras, and M. Lipson. High quality factor and high confine-
ment silicon resonators using etchless process. Opt. Express, 20(19):21341–21345, Septem-
ber 2012.
[36] S. Assefa, S. Shank, W. Green, M. Khater, E. Kiewra, C. Reinholm, S. Kamlapurkar,
A Rylyakov, C. Schow, F. Horst, H. Pan, T. Topuria, P. Rice, D.M. Gill, J. Rosenberg,
T. Barwicz, M. Yang, J. Proesel, J. Hofrichter, B. Offrein, Xiaoxiong G., W. Haensch,
J. Ellis-Monaghan, and Y. Vlasov. A 90nm CMOS integrated nano-photonics technology for
25Gbps WDM optical communications applications. In Electron Devices Meeting (IEDM),
2012 IEEE International, pages 33.8.1–33.8.3, Dec 2012.
[37] L. C. Kimerling. Silicon microphotonics. Appl. Surf. Sci., 159:8–13, 2000.
[38] L. C. Kimerling, D. Kwong, and K. Wada. Scaling computation with silicon photonics.
MRS Bulletin, 39:687–695, 8 2014.
[39] M. Paniccia. Integrating silicon photonics. Nat Photon, 4(8):498–499, August 2010.
[40] S. He, D. Dai, B. Yang, Q. Liu, and Y. Shi. Small polymer microphotonic integrated devices
on silicon substrate. SPIE Newsroom, February 2011.
[41] A. Y. Piggott, J. Lu, T. M. Babinec, K. G. Lagoudakis, J. Petykiewicz, and J. Vucˇkovic´. In-
verse design and implementation of a wavelength demultiplexing grating coupler. Scientific
Reports, 4:7210, November 2014.
[42] R.M. Kubacki. Monolithic integration of microphotonics with CMOS microelectronics us-
ing molecularly engineered materials and nanostructures. In Electronic Components and
Technology Conference, 2006. Proceedings. 56th, pages 776–781, 2006.
[43] V. A. J. Van Lint. The physics of radiation damage in particle detectors. Nucl. Instrum.
Meth. A, 253(3):453–459, 1987.
107
[44] P. Dumon, R. Kappeler, D. Barros, I. McKenzie, D. Doyle, and R. Baets. Measured radiation
sensitivity of silica-on-silicon and silicon-on-insulator micro-photonic devices for potential
space application. In Edward W. Taylor, editor, Proc. SPIE 5897, pages 58970D–58970D–
10, August 2005.
[45] N. Hamrouni, M. Jraidi, and A. Che´rif. Solar radiation and ambient temperature effects
on the performances of a PV pumping system. Revue des Energies Renouvelables, 11(1):
95–106, 2008.
[46] D. Nikolic´, K. Stankovic´, L. Timotijevic´, Z. Rajovic´, and M. Vujisic´. Comparative study of
gamma radiation effects on solar cells, photodiodes, and phototransistors. Int. J. Photoen-
ergy, 2013, May 2013.
[47] J.F. Weller and R.L. Statler. Low energy proton damage to solar cells. IEEE Trans. Nucl.
Sci., 10(5):66–70, November 1963.
[48] K.B. Miller and C. O’Quinn. High energy electron testing of silicon and GaAs/Ge solar
cells. In Radiation Effects Data Workshop, 1999, pages 108–112, 1999.
[49] K. Ali, S. H. Khan, and M. Z. MatJafri. 60Co γ-irradiation effects on electrical characteristics
of monocrystalline silicon solar cell. Int. J. Electrochem. Sci., 8:7831–7841, 2013.
[50] T. Saga. Advances in crystalline silicon solar cell technology for industrial mass production.
NPG Asia Mater., 2(3):96–102, July 2010.
[51] M. A. Green, K. Emery, Y. Hishikawa, W. Warta, and E. D. Dunlop. Solar cell efficiency
tables (version 45). Prog. Photovolt: Res. Appl., 23(1):1–9, 2015.
[52] X. Deng and E. A. Schiff. Amorphous silicon-based solar cells. In A. Luque and S. Hegedus,
editors, Handbook of photovoltaic science and engineering. John Wiley & Sons, Ltd, 2003.
108
[53] M. Zeman. Chapter 7. thin film silicon solar cells. Technical report, Delft University of
Technology, http://ocw.tudelft.nl/courses/microelectronics/solar-cells/readings/7-thin-film-
silicon-solar-cells/, 2015. Adapted from Tufts OpenCourseWare website.
[54] B. Yan, G. Yue, J. Yang, and S. Guha. High efficiency amorphous and nanocrystalline
silicon thin film solar cells on flexible substrates. In 2012 19th International Workshop on
Active-Matrix Flatpanel Displays and Devices (AM-FPD), pages 67–70, July 2012.
[55] P. Alpuim, A. Samantilleke, E. Marins, F. Oliveira, M. F. Cerqueira, L. Rebouta, S. Stefanov,
S. Chiussi, C. Serra, and J. E. Boure´. Amorphous silicon thin-film solar cells deposited on
flexible substrates using different zinc oxide layers. Phys. Status Solidi (c), 7(3-4):1061–
1064, 2010.
[56] N. Wyrsch, D. Domine, F. Freitas, L. Feitknecht, J. Bailat, C. Ballif, G. Poe, K. Bates, and
K. Reed. Ultra-light amorphous silicon cell for space applications. In Conference Record of
the 2006 IEEE 4th World Conference on Photovoltaic Energy Conversion, volume 2, pages
1785–1788, May 2006.
[57] J.R. Srour, J. W. Palko, D. H. Lo, S.H. Liu, R.L. Mueller, and J.C. Nocerino. Radiation
effects and annealing studies on amorphous silicon solar cells. IEEE Trans. Nucl. Sci., 56
(6):3300–3306, 2009.
[58] G. Grigorieva, M. Kagan, V. Nadorov, and K. Zvyagina. Perspectives for application of
amorphous silicon thin-film solar cells in conditions of higher-level space radiation. In
Proceedings of 3rd World Conference on Photovoltaic Energy Conversion, 2003, volume 1,
pages 734–736, May 2003.
[59] J. Kuendig, M. Goetz, X. Niquille, A. Shah, S. Vaccaro, J. Mosig, L. Gerlach, P. De Maagt,
and E. Fernandez. Thin-film silicon solar cells for space applications: radiation hardness and
109
applications for an integrated solant (solar cell-antenna) module. In Photovoltaic Specialists
Conference, 2000. Conference Record of the Twenty-Eighth IEEE, pages 1079–1082. IEEE,
2000.
[60] C. Battaglia, C. Hsu, K. So¨derstro¨m, J. Escarre´, F. Haug, M. Charrie`re, M. Boccard, M. De-
speisse, D. T. L. Alexander, M. Cantoni, Y. Cui, and C. Ballif. Light trapping in solar cells:
Can periodic beat random? ACS Nano, 6(3):2790–2797, March 2012.
[61] V. Terrazzoni-Daudrix, J. Guillet, X. Niquille, A. Shah, R. Morf, A. Tishchenko, V. Brioude,
O. Parriaux, and D. Fischer. Light trapping in amorphous silicon solar cells on plastic
substrates. In Symposium H - Flexible Electronics - Materials and Device Technology,
volume 769 of MRS Online Proceedings Library, January 2003.
[62] V. E. Ferry, M. A. Verschuuren, H. B. T. Li, R. E. I. Schropp, H. A. Atwater, and A. Polman.
Improved red-response in thin film a-si:h solar cells with soft-imprinted plasmonic back
reflectors. Appl. Phys. Lett., 95(18):183503, November 2009.
[63] E. Moulin, U. W. Paetzold, H. Siekmann, J. Worbs, A. Bauer, and R. Carius. Study of thin-
film silicon solar cell back reflectors and potential of detached reflectors. Energy Procedia,
10:106–110, 2011.
[64] J. Mu¨ller, B. Rech, J. Springer, and M. Vanecek. TCO and light trapping in silicon thin film
solar cells. Solar Energy, 77(6):917–930, December 2004.
[65] J. G. Mutitu, S. Shi, A. Barnett, and D. W. Prather. Hybrid dielectric-metallic back reflector
for amorphous silicon solar cells. Energies, 3(12):1914–1933, December 2010.
[66] P. Chen, H. Hsiao, C. Ho, C. Ho, W. Lee, H. Chang, S. Lee, J. Chen, and I. Cheng. Periodic
anti-ring back reflectors for hydrogenated amorphous silicon thin-film solar cells. Opt.
Express, 22(S4):A1128–A1136, June 2014.
110
[67] L. Ji and V. V. Varadan. A blazed grating for light trapping in a-si thin-film solar cells. J.
Opt., 14(9):095001, September 2012.
[68] B. Curtin, R. Biswas, and V. Dalal. Photonic crystal based back reflectors for light manage-
ment and enhanced absorption in amorphous silicon solar cells. Appl. Phys. Lett., 95(23):
231102, December 2009.
[69] P. Menna, G. Di Francia, and V. La Ferrara. Porous silicon in solar cells: a review and a
description of its application as an AR coating. Solar Energy Materials and Solar Cells, 37
(1):13–24, 1995.
[70] J. V. Hoeymissen, V. Depauw, I. Kuzma-Filipek, K. V. Nieuwenhuysen, M. R. Payo, Y. Qiu,
I. Gordon, and J. Poortmans. The use of porous silicon layers in thin-film silicon solar cells.
Phys. Status Solidi A, 208(6):1433–1439, June 2011.
[71] J. H. Selj, A. Thøgersen, S. E. Foss, and E. S. Marstein. Optimization of multilayer porous
silicon antireflection coatings for silicon solar cells. J. Appl. Phys., 107(7):074904, 2010.
[72] J. D. Ryckman, Y. Jiao, and S. M. Weiss. Three-dimensional patterning and morphological
control of porous nanomaterials by gray-scale direct imprinting. Sci. Rep., 3, March 2013.
[73] R. Wilkins, M. X. Pulikkathara, V. N. Khabashesku, E. V. Barrera, R. K. Vaidyanathan,
and S. A. Thibeault. Ground-based space radiation effects studies on single-walled carbon
nanotube materials. In Symposium NN Materials for Space Applications, volume 851 of
MRS Proceedings, 1 2004.
[74] F. J. Himpsel, F. R. McFeely, A. Taleb-Ibrahimi, J. A. Yarmoff, and G. Hollinger. Micro-
scopic structure of the SiO2/Si interface. Phys. rev. B, 38(9):6084, 1988.
[75] E. P. Gusev, H. C. Lu, T. Gustafsson, and E. Garfunkel. Growth mechanism of thin silicon
111
oxide films on Si (100) studied by medium-energy ion scattering. Phys. Rev. B, 52(3):1759,
1995.
[76] K. Ng and D. Vanderbilt. Structure and oxidation kinetics of the Si(100)-SiO2 interface.
Phys. Rev. B, 59(15):10132, 1999.
[77] F. Yano, A. Hiraoka, T. Itoga, H. Kojima, K. Kanehori, and Y. Mitsui. X-ray photoelectron
spectroscopy study of submonolayer native oxides on HF-treated Si surfaces. J. Vac. Sci.
Technol. A, 13(6):2671–2675, 1995.
[78] S. Bhandaru, E.X. Zhang, D.M. Fleetwood, R.A. Reed, R.A. Weller, R.R. Harl, B.R. Rogers,
and S.M. Weiss. Ultra-thin oxide growth on silicon during 10 keV x-ray irradiation. Surf.
Sci., 635:49–54, May 2015.
[79] H. G. Tompkins and E. A. Irene. Handbook of ellipsometry. William Andrew Pub. ;
Springer, Norwich, NY; Heidelberg, Germany, 2005.
[80] M. Morita, T. Ohmi, E. Hasegawa, M. Kawakami, and M. Ohwada. Growth of native oxide
on a silicon surface. J. Appl. Phys., 68(3):1272–1281, 1990.
[81] M. P. Seah and S. J. Spencer. Ultrathin SiO2 on Si II. issues in quantification of the oxide
thickness. Surf. Interface Anal., 33(8):640–652, August 2002.
[82] Y. Chen and W. Huang. Numerical simulation of the geometrical factors affecting surface
roughness measurements by AFM. Meas. Sci. Technol., 15(10):2005, October 2004.
[83] M. L. Green, E. P. Gusev, R. Degraeve, and E. L. Garfunkel. Ultrathin (<4 nm) SiO2 and
Si–O–N gate dielectric layers for silicon microelectronics: Understanding the processing,
structure, and physical and electrical limits. J. Appl. Phys., 90(5):2057–2121, September
2001.
112
[84] F. Lukesˇ. Oxidation of Si and GaAs in air at room temperature. Surf. Sci., 30(1):91–100,
1972.
[85] B. E. Deal and A. S. Grove. General relationship for the thermal oxidation of silicon. J.
Appl. Phys., 36(12):3770–3778, 1965.
[86] M. Tsuchiya, S.K.R.S. Sankaranarayanan, and S. Ramanathan. Photon-assisted oxidation
and oxide thin film synthesis: A review. Prog. Mat. Sci., 54(7):981–1057, 2009.
[87] I. W. Boyd, V. Craciun, and A. Kazor. Vacuum-ultra-violet and ozone induced oxidation of
silicon and silicon-germanium. Jpn. J. Appl. Phys., 32(12B):6141–6146, 1993.
[88] E. M. Young. Electron-active silicon oxidation. Appl. Phys. A, 47:259–269, 1988.
[89] P. Patzner, A.V. Osipov, and P. Hess. Photoinduced self-limited low-temperature growth of
ultra-thin silicon-oxide films with water vapor. Appl. Phys. A, 85(2):145–150, 2006.
[90] G. E. Jellison Jr and F. A. Modine. Optical absorption of silicon between 1.6 and 4.7 eV at
elevated temperatures. Appl. Phys. Lett., 41(2):180–182, 1982.
[91] S. M. Sze and K. K. Ng. Physics of semiconductor devices. John Wiley & Sons, 1981.
[92] J. D. Ryckman, R. A. Reed, R. A. Weller, D. M. Fleetwood, and S. M. Weiss. Enhanced
room temperature oxidation in silicon and porous silicon under 10 keV x-ray irradiation. J.
Appl. Phys., 108(11):113528, 2010.
[93] A. Kazor and I. W. Boyd. Ozone–induced rapid low temperature oxidation of silicon. Appl.
Phys. Lett., 63(18):2517–2519, 1993.
[94] E. X. Zhang, A.K.M. Newaz, B. Wang, S. Bhandaru, C.X. Zhang, D.M. Fleetwood, K.I.
Bolotin, S.T. Pantelides, M.L. Alles, R.D. Schrimpf, S.M. Weiss, R.A. Reed, and R.A.
113
Weller. Low-energy x-ray and ozone-exposure induced defect formation in graphene mate-
rials and devices. IEEE Trans. Nucl. Sci., 58(6):2961–2967, 2011.
[95] E. F. da Silva Jr and B. D. Stosˇic´. Simulation of the early stages of thin SiO2 film growth.
Semicond. Sci. Technol., 12(8):1038, 1997.
[96] R. M. C. De Almeida, S. Gonc¸alves, I. J. R. Baumvol, and F. C. Stedile. Dynamics of
thermal growth of silicon oxide films on si. Phys. Rev. B, 61(19):12992, 2000.
[97] J. Derrien and M. Commandre´. SiO2 ultra thin film growth kinetics as investigated by
surface techniques. Surf. Sci., 118(1):32–46, 1982.
[98] E. A. Lewis and E.A. Irene. Models for the oxidation of silicon. J. Vac. Sci. Technol. A, 4
(3):916–925, 1986.
[99] G. F. Cerofolini and L. Meda. Mechanisms and kinetics of room-temperature silicon oxida-
tion. J. Non-cryst. Solids, 216:140–147, 1997.
[100] P. T. Landsberg. On the logarithmic rate law in chemisorption and oxidation. J. Chem.
Phys., 23(6):1079, 1955.
[101] J. A. Schwarz and C. I. Contescu. Surfaces of nanoparticles and porous materials. CRC
Press, January 2002.
[102] F. P. Fehlner. Low temperature oxidation of metals and semiconductors. J. Electrochem.
Soc., 131(7):1645–1652, July 1984.
[103] H. Z. Massoud, J. D. Plummer, and E. A. Irene. Thermal oxidation of silicon in dry oxygen
growth-rate enhancement in the thin regime i. experimental results. J. Electrochem. Soc.,
132(11):2685–2693, 1985.
114
[104] G. J. Suppes and T. Storvick. Sustainable Nuclear Power. Elsevier Academic Press, Burling-
ton, MA, 2007.
[105] S. M. Grist, S. A. Schmidt, J. Flueckiger, V. Donzella, W. Shi, S. T. Fard, J. T. Kirk, D. M.
Ratner, K. C. Cheung, and L. Chrostowski. Silicon photonic micro-disk resonators for
label-free biosensing. Opt. Express, 21(7):7994–8006, April 2013.
[106] S. Bhandaru, S. Hu, D. M. Fleetwood, and S. M. Weiss. Total ionizing dose effects on
silicon ring resonators. IEEE Trans. Nucl. Sci., 62(1):323–328, February 2015.
[107] S. Guha, J. Yang, P. Nath, and M. Hack. Enhancement of open circuit voltage in high
efficiency amorphous silicon alloy solar cells. Appl. Phys. Lett., 49(4):218–219, July 1986.
[108] R. J. Koval, C. Chen, G. M. Ferreira, A. S. Ferlauto, J. M. Pearce, P. I. Rovira, C. R. Wronski,
and R. W. Collins. Maximization of the open circuit voltage for hydrogenated amorphous
silicon n-i-p solar cells by incorporation of protocrystalline silicon p-type layers. Appl.
Phys. Lett., 81(7):1258–1260, August 2002.
[109] J. Koh, H. Fujiwara, R. J. Koval, C. R. Wronski, and R. W. Collins. Real time spectroscopic
ellipsometry studies of the nucleation and growth of p-type microcrystalline silicon films on
amorphous silicon using b2h6,b(CH3)3 and BF3 dopant source gases. J. Appl. Phys., 85(8):
4141–4153, April 1999.
[110] L. P. Lefebvre, J. Banhart, and D. Dunand. Porous metals and metallic foams: Current status
and recent developments. Adv. Eng. Mat., 10(9):775–787, September 2008.
[111] J. Linnros and N. Lalic. High quantum efficiency for a porous silicon light emitting diode
under pulsed operation. Appl. Phys. Lett., 66(22):3048–3050, May 1995.
[112] R. T. Collins, P. M. Fauchet, and M. A. Tischler. Porous Silicon: From Luminescence to
LEDs. Physics Today, 50(1):24–31, 1997.
115
[113] F. A. Harraz. Porous silicon chemical sensors and biosensors: A review. Sensor Actuat.
B-Chem, 202:897–912, October 2014.
[114] R. R. Bilyalov, L. Stalmans, L. Schirone, and C. Le´vy-Cle´ment. Use of porous silicon
antireflection coating in multicrystalline silicon solar cell processing. IEEE Electron. Dev.,
46(10):2035–2040, 1999.
[115] L. Stalmans, J. Poortmans, H. Bender, M. Caymax, K. Said, E. Vazsonyi, J. Nijs, and
R. Mertens. Porous silicon in crystalline silicon solar cells: a review and the effect on
the internal quantum efficiency. Prog. Photovolt: Res. Appl., 6(4):233–246, 1998.
[116] P. Vitanov, E. Goranova, V. Stavrov, P. Ivanov, and P. K. Singh. Fabrication of buried
contact silicon solar cells using porous silicon. Sol. Energ. Mat. Sol. C., 93(3):297–300,
March 2009.
[117] M. J. Sailor. Porous Silicon in Practice: Preparation, Characterization and Applications.
Wiley-VCH, December 2011.
[118] M. J. Estes, L. R. Hirsch, S. Wichart, G. Moddel, and D. L. Williamson. Visible photo-
luminescence from porous a-Si:H and porous a-Si:C:H thin films. J. Appl. Phys., 82(4):
1832–1840, 1997.
[119] R. B. Wehrspohn, J. N. Chazalviel, F. Ozanam, and I. Solomon. Electrochemistry and
photoluminescence of porous amorphous silicon. Thin Solid Films, 297(1):5–8, 1997.
[120] X. Li and P. W. Bohn. Metal-assisted chemical etching in HF/H2O2 produces porous silicon.
Appl. Phys. Lett., 77(16):2572–2574, October 2000.
[121] K. Q. Peng, J. J. Hu, Y. J. Yan, Y. Wu, H. Fang, Y. Xu, S. T. Lee, and J. Zhu. Fabrication
of single-crystalline silicon nanowires by scratching a silicon surface with catalytic metal
particles. Adv. Funct. Mater., 16(3):387–394, February 2006.
116
[122] X. Li. Metal assisted chemical etching for high aspect ratio nanostructures: A review of
characteristics and applications in photovoltaics. Current Opinion in Sol. Stat. Mater. Sci.,
16(2):71–81, April 2012.
[123] W. Chern, K. Hsu, I. S. Chun, B. P. de Azeredo, N. Ahmed, K. Kim, J. Zuo, N. Fang,
P. Ferreira, and X. Li. Nonlithographic patterning and metal-assisted chemical etching for
manufacturing of tunable light-emitting silicon nanowire arrays. Nano Lett., 10(5):1582–
1588, May 2010.
[124] Z. Huang, N. Geyer, P. Werner, J. de Boor, and U. Go¨sele. Metal-assisted chemical etching
of silicon: A review. Adv. Mater., 23(2):285–308, January 2011.
[125] C. Chartier, S. Bastide, and C. Le´vy-Cle´ment. Metal-assisted chemical etching of silicon in
HF-H2O2. Electrochim. Acta, 53(17):5509–5516, July 2008.
[126] R. Douani, G. Piret, T. Hadjersi, J. Chazalviel, and I. Solomon. Formation of a-Si:H and
a-Si1−xCx:H nanowires by ag-assisted electroless etching in aqueous HF/AgNO3 solution.
Thin Solid Films, 519(16):5383–5387, June 2011.
[127] P. Sa´nchez, O. Lorenzo, A. Mene´ndez, J. L. Mene´ndez, D. Gomez, R. Pereiro, and
B. Ferna´ndez. Characterization of doped amorphous silicon thin films through the inves-
tigation of dopant elements by glow discharge spectrometry. A correlation of conductivity
and bandgap energy measurements. Int. J. Mol. Sci., 12(4):2200–2215, March 2011.
[128] M. M. Hilali, S. Yang, M. Miller, F. Xu, S. Banerjee, and S. V. Sreenivasan. Enhanced pho-
tocurrent in thin-film amorphous silicon solar cells via shape controlled three-dimensional
nanostructures. Nanotechnology, 23(40):405203, October 2012.
[129] M. Vanecek, O. Babchenko, A. Purkrt, J. Holovsky, N. Neykova, A. Poruba, Z. Remes,
117
J. Meier, and U. Kroll. Nanostructured three-dimensional thin film silicon solar cells with
very high efficiency potential. Appl. Phys. Lett., 98(16):163503, 2011.
[130] M. Liscidini, D. Gerace, L. C. Andreani, and J. E. Sipe. Scattering-matrix analysis of
periodically patterned multilayers with asymmetric unit cells and birefringent media. Phys.
Rev. B, 77(3):035324, January 2008.
[131] A. Bozzola, M. Liscidini, and L. C. Andreani. Photonic light-trapping versus Lambertian
limits in thin film silicon solar cells with 1d and 2d periodic patterns. Opt. Express, 20(S2):
A224–A244, March 2012.
[132] A. Stadler. Transparent conducting oxides – an up-to-date overview. Materials, 5(12):
661–683, April 2012.
[133] C. G. Granqvist. Transparent conductors as solar energy materials: A panoramic review.
Sol. Energ. Mat. Sol. C., 91(17):1529–1598, October 2007.
[134] D. Kim, Y. Han, J. Cho, and S. Koh. Low temperature deposition of ITO thin films by ion
beam sputtering. Thin Solid Films, 377–378:81–86, December 2000.
[135] X. Deng, G. Miller, R. Wang, I. Xu, and A. D. Compaan. Study of sputter deposition of ITO
films for aSi:H n-i-p solar cells. In Thin film cells and technologies, Vienna, Austria, July
1998.
[136] T. P. Muneshwar, V. Varma, N. Meshram, S. Soni, and R. O. Dusane. Development of low
temperature RF magnetron sputtered ITO films on flexible substrate. Sol. Energ. Mat. Sol.
C., 94(9):1448–1450, September 2010.
[137] T. Maruyama and K. Tabata. Indium-Tin Oxide thin films prepared by chemical vapor
deposition from metal acetates. Jpn. J. Appl. Phys., 29(2A):L355, February 1990.
118
[138] V. Craciun, D. Craciun, X. Wang, T. J. Anderson, and R. K. Singh. Highly conducting
indium tin oxide films grown by ultraviolet-assisted pulsed laser deposition at low tempera-
tures. Thin Solid Films, 453-454:256–261, April 2004.
[139] J. Kuendig, M. Goetz, J. Meier, P. Torres, L. Feitknecht, P. Pernet, X. Niquille, A. Shah,
L. Gerlach, and E. Fernandez. Effect of proton irradiation on the characteristics of different
types of thin-film silicon solar cells. In 16th EC Photovoltaic Solar Energy Conference,
pages 986–989, 2000.
[140] A. Klaver. Irradiation-induced degradation of amorphous silicon solar cells in space. PhD
thesis, TU Delft, Delft University of Technology, 2007.
[141] Roentgen(unit). http://en.wikipedia.org/wiki/Roentgen_unit, . Accessed: 2015-
02-26.
[142] Measuring radiation. http://ieer.org/resource/classroom/
measuring-radiation-terminology/, . Accessed: 2015-02-26.
[143] K. Anokhina. Investigation of metal-assisted Si etching for fabrication of nanoimprint
lithography stamps. Master’s thesis, Halmstad University, Sweden, 2010.
[144] H. Asoh, F. Arai, and S. Ono. Effect of noble metal catalyst species on the morphology of
macroporous silicon formed by metal-assisted chemical etching. Electrochim. Acta, 54(22):
5142–5148, September 2009.
[145] K. Balasundaram, J. S. Sadhu, J. C. Shin, B. Azeredo, D. Chanda, M. Malik, K. Hsu, J. A.
Rogers, P. Ferreira, S. Sinha, and X. Li. Porosity control in metal-assisted chemical etching
of degenerately doped silicon nanowires. Nanotechnology, 23(30):305304, August 2012.
[146] T. Hadjersi, N. Gabouze, A. Ababou, M. Boumaour, W. Chergui, H. Cheraga, S. Belhouse,
119
and A. Djeghri. Metal-assisted chemical etching of multicrystalline silicon in HF/ Na2S2O8
produces porous silicon. Materials Science Forum, 480-481:139–144, 2005.
[147] H. Han, Z. Huang, and W. Lee. Metal-assisted chemical etching of silicon and nanotechnol-
ogy applications. Nano Today, 9(3):271–304, June 2014.
[148] Y. Liu, G. Ji, J. Wang, X. Liang, Z. Zuo, and Y. Shi. Fabrication and photocatalytic proper-
ties of silicon nanowires by metal-assisted chemical etching: effect of H2O2 concentration.
Nanoscale Res. Lett., 7(1):1–9, December 2012.
120
